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Abstract 
This thesis investigates normal faulting and its influence on fluid flow over a wide 
range of spatial and temporal scales using tunnel engineering geological logs, outcrop, 
surface fault traces, earthquakes, gravity, and volcanic ages. These data have been used 
to investigate the impact of faults on fluid flow (chapter 2), the geometry and 
kinematics of the Taupo Rift (chapter 3), the hydration and dehydration of the 
subducting Pacific plate and its influence on the Taupo Volcanic Zone (chapter 4), the 
migration of arc volcanism across the North Island over the 16 Myr and the associated 
changes in slab geometry (chapter 5) and the Pacific-Australia relative plate motion 
vectors since 38 Ma and their implications for arc volcanism and deformation along the 
Hikurangi margin (chapter 6). The results for each of these five chapters are presented 
in the five paragraphs below. 
 Tunnels excavated along the margins of the southern Taupo Rift at depths < 500 
m provide data on the spatial relationships between faulting and ground water flow. The 
geometry and hydraulic properties of fault-zones for Mesozoic basement and Miocene 
strata vary by several orders of magnitude approximating power-law distributions with 
the dimensions of these zones dependent on many factors including displacement, host-
rock type and fault geometries. Despite fault-zones accounting for a small proportion of 
the total sample length (≤ 15%), localised flow of ground water into the tunnels occurs 
almost exclusively (≥ 91%) within, and immediately adjacent to, these zones. The 
spatial distribution and rate of flow from fault-zones are highly variable with typically ≤ 
50% of fault-zones in any given orientation flowing. The entire basement dataset shows 
that 81% of the flow-rate occurs from fault-zones ≥ 10 m wide, with a third of the total 
flow-rate originating from a single fault-zone (i.e. the golden fracture). The higher flow 
rates for the largest faults are interpreted to arise because these structures are the most 
connected to other faults and to the ground surface. 
 The structural geometry and kinematics of rifting is constrained by earthquake 
focal mechanisms and by geological slip and fault mapping. Comparison of present day 
geometry and kinematics of normal faulting in the Taupo Rift (α=76-84°) with intra-arc 
rifting in the Taranaki Basin and southern Havre Trough show, that for at least the last 4 
Myr, the slab and the associated changes in its geometry have exerted a first-order 
control on the location, geometry, and extension direction of intra-arc rifting in the 
North Island. Second-order features of rifting in the central North Island include a 
clockwise ~20° northwards change in the strike of normal faults and trend of the 
extension direction.  In the southern rift normal faults are parallel to, and potentially 
reactivate, Mesozoic basement fabric (e.g., faults and bedding). By contrast, in the 
northern rift faults diverge from basement fabric by up to 55° where focal mechanisms 
indicate that extension is achieved by oblique to right-lateral strike-slip along basement 
fabric and dip-slip on rift faults. 
 Hydration and dehydration of the subducting Pacific plate is elucidated by 
earthquake densities and focal mechanisms within the slab. The hydration of the 
xiv 
 
subducting plate varies spatially and is an important determinant for the location of arc 
volcanism in the overriding plate. The location and high volcanic productivity of the 
TVZ can be linked to the subduction water cycle, where hydration and subsequent 
dehydration of the subducting oceanic lithosphere is primarily accomplished by normal-
faulting earthquakes. The anomalously high heat flow and volcanic productivity of the 
TVZ is spatially associated with high rates of seismicity in the underlying slab mantle at 
depths of 130-210 km which can be tracked back to high rates of deeply penetrating 
shallow intraplate seismicity at the trench in proximity to oceanic fluids. Dehydration of 
the slab mantle correlates with the location and productivity of active North Island 
volcanic centres, indicating this volcanism is controlled by fluids fluxing from the 
subducting plate. 
 The ages and locations of arc volcanoes provide constraints on the migration of 
volcanism across the North Island over the last 20 Myr. Arc-front volcanoes have 
migrated southeast by 150 km in the last 8 Ma (185 km since 16 Ma) sub-parallel to the 
present active arc. Migration of the arc is interpreted to mainly reflect slab steepening 
and rollback. The strike of the Pacific plate beneath the North Island, imaged by Benioff 
zone seismicity (50-200 km) and positive mantle velocity anomalies (200-600 km) is 
parallel to the northeast trend of arc-front volcanism. Arc parallelism since 16 Ma is 
consistent with the view that the subducting plate beneath the North Island has not 
rotated clockwise about vertical axes which is in contrast to overriding plate vertical-
axis rotations of ≥ 30º. Acceleration of arc-front migration rates (~4 mm/yr to ~18 
mm/yr), eruption of high Mg# andesites, increasing eruption frequency and size, and 
uplift of the over-riding plate indicate an increase in the hydration, temperature, and size 
of the mantle wedge beneath the central North Island from ~7 Ma. 
 Seafloor spreading data in conjunction with GPlates have been used to generate 
relative plate motion vectors across the Hikurangi margin since 38 Ma. Tracking the 
southern and down-dip limits of the seismically imaged Pacific slab beneath the New 
Zealand indicates arc volcanism in Northland from ~23 Ma and the Taranaki Basin 
between ~20 and 11 Ma requires Pacific plate subduction from at (or beyond) the 
northern North Island continental margin from at least 38 Ma to the present. Pacific 
plate motion in a west dipping subduction model shows a minimum horizontal transport 
distance of 285 km preceding the initiation of arc volcanism along the Northland-arc 
normal to the motion vector, a distance more than sufficient for self-sustaining 
subduction to occur. Arc-normal convergence rates along the Hikurangi margin doubled 
from 11 to 23 mm/yr between 20 and 16 Ma, increasing again by approximately a third 
between 8 and 6 Ma. This latest increase in arc-normal rates coincided with changes in 
relative plate motions along the entire SW Pacific plate boundary and 
steepening/rollback of the Pacific plate. 
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Chapter 1 
Introduction 
 
1. Introduction and aims of study 
The origins of continental intra-arc rifting and associated volcanism and the impact of 
normal faults on fluid-flow are the focus of this thesis. The Taupo Rift and arc 
volcanism provide the common threads that run through the thesis, which draws on 
information from a wide range of scales and over a large geographic area. Rifting and 
arc volcanism are controlled by subduction processes and a key goal of this thesis is to 
cast further light on the evolution of subduction beneath the North Island of New 
Zealand. Improved understanding of subduction is important because it provided a first-
order control on the tectonics, sedimentation patterns, and land mass evolution of the 
North Island for at least the last 30 Myr. In addition to addressing regional plate 
boundary processes consideration has been given to faults and their role in the flow of 
fluids. Faults are widely considered to both enhance and retard fluid and gas flow 
(Wallace & Morris, 1986; Caine et al., 1996; Evans et al., 1997; Cox, 1999; Wibberley 
et al., 2008; Faulkner et al., 2010; Manzocchi et al., 2010; Ilg et al., 2012), yet in many 
cases the details of how, where and why this occurs has not yet been resolved. 
Providing answers to these fundamental questions is of importance to a wide range of 
industries including; geothermal, oil and gas, CO2 storage and groundwater. The role of 
faults in fluid-flow is studied here using a rare dataset in which both fluid-flow rates and 
fault information are available from tunnels excavated along the margin of the Taupo 
Rift in the central North Island. 
 Rifting has occurred in the North Island region since ~12 Ma. The locus of 
rifting migrated southeast towards the Hikurangi margin front and subducting plate, 
culminating in the formation of Taupo Rift (Fig. 1). The Taupo Rift is in the central 
North Island and produced a ~300 km NE-trending regional graben over the last ~2 Ma. 
The rift is spatially coincident with arc volcanism in the Taupo Volcanic Zone (TVZ), a 
region that contains one of the most frequently active and productive silicic volcanic arc 
systems on Earth (Wilson et al., 2008) (Fig. 2). Intra-arc rifting and explosive caldera 
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Figure 1. Tectonic and volcanic setting of the Taupo Rift and Taupo Volcanic Zone. A) Intra-arc 
normal faults of the Taranaki and Taupo Rifts formed over the last 4 Ma with respect to present 
day poles of rotation (red filled circles) for fore-arc micro-plates of the eastern North Island 
(Wallace et al., 2012). See chapter 3 for references. B) Arc volcanism in the North Island. Arc 
volcanism over the last 2 Ma (red filled circles) has similar trends to active arc volcanism between 
17-8 Ma (orange filled circles), both of which are sub-parallel to the trend of the underlying slab. 
See chapter 5 for references.
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Figure 2. Structure of the Taupo Rift and Taupo Volcanic Zone. Rift bounding faults (heavy black 
lines) and volcanic vents (andesite/dacite = red filled circles, rhyolite = blue filled circles) super 
imposed on residual gravity (see chapter 3 for data and methods). Basement depressions < 2 km 
deep represented by warm colours, near surface Mesozoic besment (grey shading) represented by 
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bound the highly productive and frequently active central rhyolitic segment of the TVZ (Wilson 
et al., 1995, 2008). High effective heat through geothermal systems (red lines) is mainly focused 
in the east (Bibby et al., 1995). Asymmetry of the rift (extension rates increasing west to east) is 
shown by seismic line (grey line) (Davey et al., 1995). Location of Fig. 3 and 4 cross sections 
shown.
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forming arc-volcanism occur in the overriding Australian Plate for over 1000 km along 
the Tonga-Kermadec trench and the Hikurangi margin. While arc volcanism and intra-
arc rifting are spatially coincident and both result from subduction (Fig. 3 and 4), 
processes associated with their formation and development are often considered 
independently. The geometric evolution of the subducting slab beneath the North Island, 
the structural geometry and kinematics of the Taupo Rift in relation to intra-arc rifting 
over the last 4 Ma, and the high productively of TVZ arc volcanic systems, are all 
related and presently unresolved questions. Using mainly fault and earthquake 
constraints, this study focuses on the structural geometry and kinematics of the Taupo 
Rift and fault-fluid-flow systems associated with the formation of the TVZ. 
 The main objectives of this study are two fold: i) regional investigations into the 
key processes resulting in the development and evolution of the Taupo Rift and TVZ 
and, ii) detailed generic studies of faults and fluid-flow with application to the Taupo 
Rift and Hikurangi margin. The history of the Taupo Rift and spatially coincident TVZ 
is broadly known (Wilson et al., 1984; Stern, 1987; Cole, 1990; Wright, 1992; Bibby et 
al., 1995; Davey et al., 1995; Wilson et al., 1995; Parson & Wright, 1996; Rowland & 
Sibson, 2001; Acoccella et al., 2003;  Carter et al., 2003; Lamarche et al., 2006; Stern et 
al., 2006; Wilson et al., 2008; Stern, 2009). However, many first-order processes 
associated with their structural and volcanic evolution are still presently debated. This 
study mainly employs new and published fault and earthquake data to examine 
processes relating to the origin and kinematics of the Taupo Rift and Taupo Volcanic 
Zone. In chapter 2 the relationships between fault-zone architecture, permeability, and 
fluid-flow properties from two contrasting lithologies are examined using in situ 
measurements from the tunnels of the Tongariro Power Development project in the 
southern Taupo Rift (Beetham & Watters, 1985). Conceptual models of faults and their 
permeability structure adopted over recent years (Caine et al., 1996) do not adequately 
represent the heterogeneity seen in fault-zone structure in Miocene sandstones or 
Mesozoic basement. Fluid flows from basement fault-zones are highly variable over 
four orders of magnitude in scale (centimetres to kilometres) and have distributions 
similar to critically stressed percolation networks (Sanderson & Zhang, 1999).The 
observations and conclusions of chapter 2 will be of interest to geothermal, CO2 
sequestration and hydrocarbon industries. 
 Analysis of predominantly normal faulting in this thesis uses constraints from 
regional and global earthquake catalogues, mapped fault patterns, gravity, geological 
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Figure 3. Geophysical cross sections through the central North Island. See Fig. 2 for location of 
sections. A) P-wave velocity (Vp) of the Hikurangi subduction margin from Eberhart-Phillips et 
al. (2010) with relocated GeoNet seismicity (black filled circles) and interpretation of crustal 
structure and faults (thin black lines) derived Bannister et al. (2004), Stern et al. (2006), 
Townsend et al. (2008), Barnes et al. (2009), Lee et al. (2010), Leonard et al. (2012). B) P-wave 
attenuation (Qp) structure from Eberhart-Phillips (2008). High Qp (low attenuation) is associated 
with the cold dense Cretaceous slab while low Qp (high attenuation) features are related to high 
temperatures and fluid content in the mantle wedge. A strong gradient in Qp indicates a change in 
the rheology of the mantle wedge coincident with arc front volcanism and rifting. 
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engineering tunnel logs, and outcrop data collected in the Taupo Rift and beneath the 
Hikurangi margin. Applied and generic studies here focus on different scales and 
aspects of faulting directly or indirectly associated with extension in the Taupo Rift and 
volcanism in the TVZ. For example, arc volcanism and geothermal activity in the TVZ 
are a direct result of fluid-flows into and out of the subducting slab where faults are 
considered the primary conduits (Gill, 1981; Kirby et al., 1996; Hacker et al., 2003; 
Faccenda et al., 2009). Hence, improved understanding for the role of faults in key 
subduction related processes provides information about the subduction system, intra-
arc rifting, and fluid-flow along the Hikurangi margin. Each of the thesis chapters 
considers different aspects of faulting and these are: chapter 3 determines the structural 
geometry and kinematics of the Taupo Rift in relation to subduction processes, chapter 
4 examines the distribution of earthquakes in the subducting plate in relation to the 
location and productivity of arc volcanism along the Hikurangi margin, chapter 5 uses 
constraints from present-day Benioff zone seismicity and volcanic arc age data across 
the North Island to reconstruct the spatial and temporal evolution of the subducted 
Pacific Plate, and chapter 6 reviews present tectonic plate reconstructions in relation to 
subduction beneath the North Island.  
 The TVZ is New Zealand’s primary geothermal energy resource where 
numerous high temperature (> 300ºC) geothermal systems are located along its eastern 
boundary, predominantly west of the Taupo Rift (Fig. 2 and 4). The effective heat flow 
from the central rhyolitic segment of the TVZ is 8 to 14 times greater than through 
typical continental crust and back-arc rifts (Stern, 2009). In the TVZ recent investment 
in pre-existing geothermal fields aimed at improving and developing production 
capacity through targeted drilling (Rosenburg et al., 2009) has begun to focus on the 
permeability structure of the basement which is predominantly fracture controlled 
(Braithwaite et al., 2002). This study, which has its main focus on faults and fluid-flow, 
aims to improve our understanding of the origin and evolution of the Taupo Rift and 
TVZ, an outcome which could be of significant value to scientific and exploration 
purposes. 
 This introductory chapter presents a short summary of previous research on 
normal faults, details the geological background of the Taupo Rift and TVZ, the data 
used in this study, and briefly outlines the structure of the thesis. 
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Figure 4. Electrical conductivity across the Taupo Rift. Electrical structure of the central North 
Island based on magnetotelluric (MT) soundings of Heise et al. (2010). Basement structure based 
on surface fault traces and gravity data from New Zealand Gravity Station Network comple-
mented with new stations collected in this study and presented in chapter 3. Faults generally dip 
at > 70º at the surface and are inferred shallow with depth (Villamor & Berryman, 2001). Faults 
shown here dip 70º. At shallow depths (< 8 km) low resistivities (warm colours) are associated 
with alteration of volcaniclastic deposits infilling basement depressions. Below the seismogenic 
crust (> 8 km) low resitivities are interpreted as connected melt (Heise et al., 2010). Geothermal 
systems (red arrows) (Bibby et al. 1995) are generally located east of active rifting, see Fig. 2 for 
location. Base of the quartzofeldspathic crust (red line) from Stern et al. (2006).
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2. Previous Research 
Due to the importance of normal faulting for earthquake processes, mineral and 
hydrocarbon exploration, previous research includes a vast array of studies ranging from 
outcrop to plate boundary scales and from fault mechanics to fault-system evolution. 
Whilst the broad scope of fault research cannot be outlined in this chapter, aspects of 
normal faulting relevant to this study are briefly introduced below. 
 
 2.1 Faults and Earthquakes 
Faults and earthquakes are two inter-related phenomena which are widely encountered 
in plate boundary regions such as New Zealand. Faults record the accumulation of strain 
during repeated earthquake cycles over millions of years (Nicol et al., 2005; Nicol et al., 
2006; Nicol et al., 2010). The spatial and temporal patterns of faults and earthquakes, 
such as surface traces (chapter 3) or magnitude-frequency relations (chapter 4), provide 
key information on plate boundary and brittle deformation processes. Fault systems are 
kinematically coherent (i.e. all faults in the system interact with each other) on 
geological and earthquake timescales (Walsh & Watterson, 1991; Nicol et al., 2010). A 
type example for kinematically coherent fault arrays are analogue sand box models of 
rifting (McClay & White, 1995; McClay et al., 2002). Here, a range of fault orientations 
and segmentation styles develop in response to different boundary conditions imposed 
for each model (i.e. the obliquity of extension direction with respect to the rift axis 
and/or pre-existing structures) (McClay et al., 2002). While displacement (both vectors 
and magnitude) may be highly variable along individual faults, this variability decreases 
when considered at the scale of the fault system resulting in coherent and potentially 
predictable displacement patterns (Marrett & Allmendinger, 1990; Walsh & Watterson, 
1991). This type of kinematic coherence has been demonstrated for fault displacement 
rates in the Taupo Rift for example. Here displacement rates on major faults across the 
rift are highly variable over short time scales whereas over increasing spatial and 
temporal scales displacement rates become more uniform (Nicol et al., 2006). The 
kinematics of the Taupo Rift are investigated over a range of scales in chapter 4. 
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Childs et al. (2009)D Faulkner et al. (2010)E
Caine et al. (1996)C
A Wallace & Morris (1986) B Chester & Logan (1986)
Figure 5. Conceptual models of fault-zone structure. A) Subsurface model of Wallace & Morris 
(1986). B) Mechanical model of Chester & Logan (1986). C) Two component model of Caine et 
al. (1996). D) Geometric model of Childs et al. (2009). E) Single and multiple strand model of 
Faulkner et al. (2010). 
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 2.2 Fault-zone architecture 
Documenting fault-zone architecture is important for understanding fluid-flow and 
fault-zone evolution. Faults typically show highly complex internal structures (Wallace 
& Morris, 1986; Wibberley et al., 2008; Childs et al., 2009; Faulkner et al., 2010) as 
opposed to comprising a single planar slip surface (Fig. 5 and 6) (Caine et al., 1996) 
(chapter 2). Irregularities and asperities on fault surfaces are observed on a wide range 
of scales (Wallace & Morris, 1986) and are considered mainly due to the propagation 
and linkage of fault segments through mechanically heterogeneous layered sequences 
(Childs et al., 2009). As displacement accumulates within a fault-zone, the linking and 
by passing of fault surface irregularities (e.g., relay zones) progressively straightens and 
localises fault surfaces, resulting in a heterogeneous distribution of finite strain. With 
increasing displacement, a fault-bound lens incorporated into a fault-zone, for example, 
will be progressively sheared and comminuted resulting in the formation of fault rock 
(Childs et al., 2009). The degree of strain rock experiences within a fault-zone 
determines its macro-scale hydrological properties, for example, a critical fracture 
density is required before an impermeable rock mass becomes permeable (Zhang & 
Sanderson, 1998). At very high strains, grain size reduction and mineralogical alteration 
in fault rock decrease permeability below that of its host lithology (Evans et al., 1997). 
The processes that produce fault-zone architecture are widely understood, however, 
descriptions of this architecture are inherently subjective and the terms used to describe 
fault-zone components differ between publications. This study follows Child et al.’s 
(2009) definition, which discriminates between fault rock and fault-zones as the main 
geometric components of a fault (Fig. 5 and 6). The distribution of these fault 
components in relation to fluid-flow from two contrasting lithologies are considered in 
chapter 2. 
 
 2.3 Faults and Fluid-flow 
Faults are important for the exploration and production of geothermal, hydrocarbon, and 
mineral resources through their control on the distribution and localisation of fluids in 
the crust (Wallace & Morris, 1986; Caine et al., 1996; Cox, 1999; Sanderson & Zhang, 
1999). Fault-zones comprise relatively high and low permeability components which 
enable them to act as conduits and/or barriers to fluid-flow (Fig. 5) (Caine et al., 1996; 
Wibberley et al., 2008; Faulkner et al., 2010). Bending-related normal fault-zones in 
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Figure 6. Outcrop photographs of fault-zone structure. Fault-zones are typically comprised of 
anastamosing slip surfaces over a range of scales that link and interact. Much of the geometric 
complexity observed within fault-zones is attributed to fault segment linkage with increasing 
strain through mechanically hetergeneous layered sequences (Childs et al., 2009). 
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subducting oceanic crust, for example, promote the deep penetration of water and 
hydration (serpentinization) of subducting mantle lithosphere (Ranero et al., 2003; 
Faccenda et al., 2009). Serpentinites (~13 wt% H2O) are considered a primary reservoir 
in the subducting slab fluxing the mantle wedge with fluids which leads to melting in 
the mantle wedge and arc volcanism at the surface (Gill, 1981; Kirby et al., 1996; 
Schmidt & Poli, 1998; Hacker et al., 2003; Rupke et al., 2004). Fluid-flow in relation to 
the hydration and subsequent dehydration of the subducting slab via bending-related 
normal faults is investigated in chapter 3, while fault-zone architecture is examined in 
chapter 2. 
 
 2.4 Fault reactivation 
Fault systems can develop by the creation of new faults or the reactivation of pre-
existing faults in response to far-field stress (e.g. Fig. 1). In New Zealand, where 
intensely deformed Mesozoic basement has an important influence on the location and 
structural geometry of Tertiary deformation, both fault reactivation and new faulting is 
observed (Nicol et al., 2007; Stagpoole & Nicol, 2008; Giba et al., 2010). During the 
initial stages of rifting, strain can localise on, and reactivates, pre-existing basement 
structures (which can be faults, shear zones, cleavage or bedding planes). Reactivation 
of basement structures has been investigated in many extensional settings (Morley et al., 
2004) and numerous analogue models (McClay & White, 1995; McClay et al., 2002) 
and its importance for rift evolution has been widely recognised. Reactivation of 
basement structures is widespread throughout New Zealand and its associated offshore 
continental crust (Nathan et al., 1986; Barnes, 1993; King & Thrasher, 1996; Mortimer, 
2004; Ghisetti & Sibson, 2006; Nicol et al., 2007). In the Taranaki Basin, for example, 
many structures have been reactivated multiple times since ~80 Ma and accommodated 
reverse and normal displacements at different times (King & Thrasher, 1996; Nicol et 
al., 2005; Nicol & Wallace, 2007; Giba et al., 2010; Giba et al., 2012). The orientation 
and size of pre-existing basement structures may affect fault geometry in overlying 
strata in a variety of ways; (i) the orientation and strength of basement structure may 
cause local deviations in the stress field (Bell, 1996; Morley, 2010) (chapter 3), ii) the 
strike and dip of the fault may be controlled by pre-existing structure and depart from 
the optimum in the reactivating stress regime (Giba et al., 2012) and iii) highly 
segmented, zig-zag or orthorhombic fault traces may develop above the pre-existing 
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structure (Fig. 8) (Wright, 1997; Morley et al., 2004; Giba, 2010). The influence of 
basement structure on the kinematics and structural geometry of the Taupo Rift is 
investigated in chapter 3. 
 
 2.5 Intra- and back-arc rifting 
Two principal models for overriding plate extension in a convergent margin setting 
(Fig. 1) are the rollback of the subduction hinge (slab rollback model) and/or vertical-
axis rotations of fore-arc micro-plates (collision model). Slab rollback (or the seaward 
migration of the subduction hinge) is considered to be one of the primary mechanisms 
responsible for the development of overriding plate extension associated with 
subduction and is caused by the negative buoyancy and gravitational instability of the 
subducting slab as it founders and sinks into the underlying asthenosphere (Molnar & 
Atwater, 1978; Sdrolias & Muller, 2006). Vertical-axis rotations of the fore-arc induced 
by the nearby collision of a buoyant indentor with the margin can also result in 
overriding plate extension (Wallace et al., 2009a). The close temporal and spatial 
relationships between the collision of a buoyant indentor (e.g. continental crust, oceanic 
ridges), fore-arc microplate vertical-axis rotation, and overriding plate extension in 
active and ancient plate boundaries indicates collision along subduction margins may 
also be a major driver of the evolution and kinematics of back-arc basins (Wallace et al., 
2009a). Predictions from these two models are compared to Taupo Rift extension 
directions in chapter 4 in order to constrain which first-order processes are controlling 
the location, structural geometry, and kinematics of rifting.  
 
3. Geological background 
The Taupo Rift is located in the central North Island of New Zealand and is spatially 
coincident with arc volcanism in the modern TVZ (> 0.34 Ma) (Fig. 1).The present 
basin forms part of the overriding Australian plate and is ~200 km west of the 
Hikurangi Trough where the Pacific Plate is being subducted. Rift faults active over the 
last 0.1 Myr define a 15-20 km wide NE trending zone extending ~350 km from the 
southern limit of arc volcanism along the Tonga-Kermadec-Hikurangi trench to the 
continental margin in the Bay of Plenty. At the continental margin, the southern Havre 
Trough and northern Taupo Rift form a 45-50 km left-stepping relay zone (Wright, 
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1992). The total width of the rift basin formed over the last ~2 Ma tapers south from 70 
km at the offshore continental margin to 20 km at its southern termination (Wright, 
1992; Villamor & Berryman, 2006).  The rift contains Pleistocene (1.6 Ma) and younger 
volcanoclastic sediments up to ~3 km thick (Bibby et al., 1995; Davey et al., 1995; 
Wilson et al., 1995) which unconformably overlie steeply dipping Jurassic to 
Cretaceous basement metasediments of multiple accreted terranes (Fig. 2) (Mortimer, 
2004). Much of the early history of the Taupo Rift and TVZ prior to 0.5 Ma is buried by 
more recent volcanic deposits and its temporal evolution prior to this time is poorly 
constrained. The age of arc volcanoes on the western margin of the TVZ range between 
2 and 6 Ma (Briggs et al., 1989; Black et al., 1992). Much of the Paleocene-Miocene 
cover sequence observed to the east and west of the TVZ is not present at depth with 
drillholes in the TVZ passing from Pleistocene volcanics directly into basement 
(Rosenburg et al., 2009). The absence of these Paleocene-Miocene strata may indicate 
that the central North Island was subject to uplift and erosion prior to the Pleistocene, a 
possibility that is considered further in chapter 5. 
 Arc volcanism and intra-arc rifting has occurred continuously across the North 
Island and offshore Taranaki Basin since ~12 Ma (Fig. 1b). Both rift extension and arc 
volcanism has increased in magnitude towards the present (Wright, 1992; Adams et al., 
1994; Davey et al., 1995; King & Thrasher, 1996; Carter et al., 2003). 
Contemporaneously with the initiation of intra-arc rifting in the Taranaki Basin around 
12 Ma was the development of explosive caldera forming volcanism in the Coromandel 
Peninsula (King & Thrasher, 1996; Carter et al., 2003; Giba et al., 2010). While no 
causal relationship is found between the spatial and temporal occurrence of arc 
volcanism and rifting in the Taranaki Basin (i.e. rifting is not the result of volcanism 
and vice versa), their mutual evolution is considered the direct result of subduction 
processes occurring along the Hikurangi margin (Giba et al., 2010). The magnitude of 
extension in the overriding plate from the southern Havre Trough to the North Island 
has increased since 7-5 Ma and migrated southeast towards the present (Wright, 1992; 
Davey et al., 1995; King & Thrasher, 1996; Wright, 1997; Giba et al., 2010). As arc 
volcanism and intra-arc rifting are both considered manifestations of subduction related 
processes, the decreasing distance in the locus of faulting and volcanic activity relative 
to the Hikurangi margin indicate changes have occurred in the relative motions between 
the overriding Australian and subducting Pacific plates. The evolution and migration of 
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faulting and volcanism across the North Island and its implications for subduction 
processes are considered in chapter 5. 
 Extension in the Taranaki and Taupo Rifts during the last 12 Myr are inferred to 
have formed in response to subduction along the Hikurangi margin, where the oceanic 
crust of the Pacific Plate currently subducts obliquely westwards at 40-48 mm/yr 
(Beavan et al., 2002; De Mets et al., 2010). The kinematics and geometry of Hikurangi 
subduction appears strongly dependent on the anomalous properties of the Pacific Plate, 
a 15-20 km thick fragment of a large igneous province (Hikurangi Plateau) (Davy et al., 
2008) presently entering the margin (Wallace et al., 2009b; Reyners et al., 2011), and 
the southward transition from subduction to continental collision and transpression 
along the Alpine Fault in the South Island (Fig. 1) (Walcott, 1987; Walcott, 1998; 
Wallace et al., 2004). Subduction may have commenced as early as 40 Ma (Stock & 
Molnar, 1982; King, 2000; Stagpoole & Nicol, 2008) producing mainly shortening in 
the North Island prior to ~12 Ma. Following this time, extension and shortening in the 
North Island occurred synchronously, to the north and south respectively about poles of 
local rotation at the latitude of the Taranaki Peninsula (King & Thrasher, 1996; Giba et 
al., 2010). The onset of extension and crustal thinning in the Taranaki Basin is 
associated with the clockwise rotation of the Hikurangi margin at rates in the eastern 
North Island of ~3º/Myr. These rotations have been attributed to rollback of the 
subducting Pacific plate and/or continental collision at the southern end of the 
Hikurangi margin (refer Fig. 1) (Ballance, 1976; Stern, 1987; Walcott, 1987; Wallace et 
al., 2004; Mortimer et al., 2007; Nicol & Wallace, 2007; Nicol et al., 2007). 
 Widespread arc volcanism initiated in the North Island along the NW-SE 
trending Northland arc around 23 Ma (Herzer, 1995; Hayward et al., 2001). While there 
has been much debate as to the origin of the volcanism (Ballance, 1976; Brothers, 1984; 
Hayward et al., 2001; Mortimer et al., 2007; Schellart, 2012), its chemistry is 
undoubtedly Island arc (Booden et al., 2011) which requires a hydrated slab at depth. 
From 17 Ma radiometrically dated volcanic centres with Island arc compositions record 
activity aligned along a NE trend observed from the Taranaki Basin through the 
Coromandel Peninsula to the Colville Ridge (Fig. 1b) (Bergman et al., 1992; Adams et 
al., 1994; Mortimer et al., 2010). The mostly low-medium K andesitic compositions of 
these active centres, their trace element signatures, and NNE-NE alignment indicate that 
magmas are derived from an underlying subducting Pacific plate (Bergman et al., 1992; 
King & Thrasher, 1996; Mortimer et al., 2010). 
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 The geometry and regional tectonic setting of the Taupo Rift and TVZ is 
illustrated by Fig. 2. The locations of the Taupo Rift and TVZ relative to the Hikurangi 
margin do not have simple ‘arc’ and ‘back-arc’ relationships (Wright, 1992). Active 
rifting dissects many active arc front volcanoes along the rift, with the majority of active 
volcanic centres bounded to the east and west by active rift faults, hence the term intra-
arc rift is appropriate. The regions of highest subsidence in the offshore region are 
trenchward of the arc front while in the onshore region, maximum basement depths 
generally coincide with the arc front (Fig. 2). The basement of the Taupo Rift and TVZ 
is generally considered to be comprised of greywacke basement terranes rifted to half 
their original thickness (~16 km) (Fig. 2 and 3) (Davey et al., 1995; Stern et al., 2006). 
Underlying the attenuated quartzo-feldspathic crust are seismic velocities consistent 
with heavily intruded crust or anomalous mantle (Stern et al., 2006). Melt bodies within 
the crust, interpreted from magnetotelluric studies, show spatial coincidence with the 
location of the Taupo Rift (Fig. 4) (Heise et al., 2010). Onshore, the location of the arc 
front coincides with a rheological boundary in the mantle wedge separating hot, 
hydrated and convecting mantle to the west from cold, stagnant mantle to the east (Fig. 
3b) (Eberhart-Phillips et al., 2008). It is this first-order rheological boundary in the 
mantle wedge that I consider most likely to determine the locus of rifting and arc front 
volcanism. 
 
4. Earthquake, Fault and Volcanic datasets 
A wide variety of data have been used in this thesis to address the primary goals. Data, 
which are discussed in detail in sections 4.1 to 4.5, comprise (i) analysis of fault and 
fluid-flow data mapped in geological tunnel engineering logs, (ii) analysis of surface 
fault traces along the Taupo Rift, (iii) interpretation of land gravity, (iv) interpretation of 
earthquakes and focal mechanisms recorded on the GeoNet and Global seismic 
networks including subsets of relocated events, and (v) interpretation of collated 
volcanic age data from across the North Island. The extensive fault mapping over the 
last 20 years and routine collection of earthquake data by GeoNet, complemented by 
field, gravity, and in situ studies of faults, provide an excellent opportunity to 
investigate subduction and rifting processes in the North Island. In a study with a scope 
such as the one outlined in this thesis, collaborators are essential. Several data sets have 
kindly been provided by principal scientists at GNS Science for use in this study. 
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Engineering geological logs used in chapter 2 were provided by R. D. Beetham. 
Regional Moment Tensor focal mechanisms used in chapter 3 and 4 were provided by J. 
Ristau. Relocated GeoNet earthquakes from the Matata earthquake sequence shown in 
chapter 3 were provided by S. Bannister. B. Davy and T. Powell (Mighty River Power) 
provided gravity data used in chapter 3. GeoNet earthquakes relocated in the three-
dimensional velocity model of New Zealand used in chapter 4 and 5 were provided by 
M. Reyners.  
 
 4.1 Engineering geological logs 
In situ fault and fluid-flow data from engineering geological logs produced as part of 
the Tongariro Power Development project in the southern Taupo Rift are invaluable for 
examining the bulk hydraulic properties of faults and fault systems (Fig. 3 Chapter 2). 
Tunnel logs and unpublished engineering geology reports (Hancox, 1975; Hancox & 
Paterson, 1975; Hegan, 1976; Hegan, 1980) held at GNS Science, Lower Hutt, provide 
detailed descriptions of fault-zone architecture and fluid-flow from centimetre to 
kilometres scales. All fault and fluid-flow rate data are taken from 1:240 engineering 
geological logs constructed at the time of tunnel excavation (1969-1976) to characterise 
rock mass properties including strength and water flow. Tunnel log description and 
measurements record structures down to the scale of individual joints in two contrasting 
lithologies, a porous and permeable Miocene sandstone and low porosity and 
permeability Mesozoic basement. The dataset comprises 530 basement and 40 Miocene-
Recent(?) fault-zones intersected by 3-6 m diameter tunnels excavated 75-500 m below 
the surface through~34 km of Mesozoic greywacke basement and ~2.5 km through 
Miocene marine sandstone (Beetham & Watters, 1985). Fault-zone data typically 
comprise; distance along the tunnel, orientation, displacement (Miocene sandstone), 
description and thickness of fault rock and fault-zone, rock strength (Mesozoic 
basement), and the location and rate of any localised groundwater inflow. In chapter 2 
data from the logs have been collated to characterise the first-order geometry, 
distribution, and in situ fluid-flow properties of fault-zones. 
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Figure 8. Fault maps from the Taupo Rift. A) Active fault map derived from 1:25 000 and 1:17 
000 aerial photographs and field work used in this study. B) Recently published 1:250 000  active 
fault map from the Taupo Rift (Leonard et al., 2012).
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4.2 Surface fault trace data 
Data along ~300 km of the NE trending Taupo Rift constrain the kinematics of active 
faulting and models for rift formation (chapter 3). Active fault data include the GNS 
Science Active Faults database, supplemented by re-examination of aerial photographs 
(1:25 000 and 1:17 000 scale) and published geological maps (Fig. 8) (Villamor & 
Berryman, 2001; Nairn, 2002; Nicol et al., 2006; Townsend et al., 2008; Lee et al., 
2010; Leonard et al., 2011). Active fault traces onshore have been confirmed by 
extensive paleoearthquake studies of displaced dated volcanic and fluvial surfaces 
typically ≤ 60 ka in age (Villamor & Berryman, 2001; Nicol et al., 2006; Berryman et 
al., 2010; Begg & Mouslopoulou, 2010). These displaced surfaces range in age up to 
0.36 Ma toward the active rift boundaries and < 20 ka towards the rift axes (Villamor & 
Berryman, 2001; Nicol et al., 2006). Offshore, active fault traces have been identified 
by seafloor scarps and displacements of a < 20 ka post-last glacial ravinement surface 
through a network of seismic reflection lines and multibeam bathymetry (Lamarche et 
al., 2006). I utilise these offshore and onshore data to constrain the location and 
structural geometry of faulting. Visible surface fault traces are considered to represent 
the accumulated displacement of earthquakes ≥ M 6 (Villamor & Berryman, 2001) and 
place constraints on the long-term (thousands to hundreds of thousands of years) 
regional strain orientation. Geological data is compared to earthquake data over a range 
of magnitudes and demonstrates the kinematics of faulting is scale invariant in the 
Taupo Rift over three orders of magnitude. 
 
 4.3 Earthquake data 
A comprehensive GeoNet catalogue of Benioff zone and crustal earthquakes covers an 
area of 300 x 700 km and extends to depths of 250-350 km beneath the Hikurangi 
margin (Fig. 9) (www.GeoNet.cri.nz). This earthquake catalogue forms the basis for the 
majority of local and regional seismicity studies in the North Island including this one. 
Subsets of these data have been relocated and used to image subduction zone structure 
in unparalleled detail (Reyners et al., 2006; Eberhart-Phillips et al., 2008; Eberhart-
Phillips et al., 2010). I use earthquakes relocated in the 3D seismic velocity model of 
New Zealand (3DNZ) (Eberhart-Phillips et al., 2010) kindly provided by M. Reyners of 
GNS Science to estimate the accuracy of events in the original GeoNet earthquake 
catalogue when assessing the spatial distribution of earthquakes along the margin 
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a
Figure 9. North Island focal mechanisms. (a) RMT focal mechanisms within the subducting 
Pacific plate along the Hikurnagi margin (Ristau, 2008). Geometry of the slab from chapter 5. (b) 
Focal mechanisms from the northern Taupo Rift (Anderson & Webb, 1989; Robinson, 1989; 
Ristau, 2008). Fault map from Lamarche et al. (2006) and Leonard et al. (2012).
Coastline
Bay of Plentyb
Chapter 1 
 
21 
 
(chapter 4), to examine the location of dehydration within the slab (chapter 4), and 
define the geometry of the slab (chapter 5). These relocated events are the highest 
accuracy regional catalogue available at present. When combined with 3DNZ they 
allow the relative hydration of the Pacific plate as it subducts beneath the North Island 
to be assessed (chapter 4). A relocated subset of events from the Matata region in the 
Taupo Rift kindly provided by S. Bannister of GNS Science show subsurface fault 
deformation patterns in unprecedented detail (chapter 3). Regional Moment Tensor 
focal mechanisms routinely calculated from GeoNet waveform and location data 
(Ristau, 2008) form the basis for the kinematic analysis in the Taupo Rift (chapter 3) 
and subducting slab (chapter 4) (Fig. 9). These data combined with Centroid Moment 
Tensor catalogue (Dziewonski et al., 1981) form a large and consistent catalogue with 
which to investigate deformation in the overriding and subducting plates. These focal 
mechanism data have been crucial for determining the style of faulting through the 
interplate zone (chapter 4), for characterising fluid-flow pathways into and out of the 
slab (chapter 4), and for the influence of basement on the kinematics and geometry of 
rifting (chapter 3). 
  
 4.4 Gravity data 
Gravity data along the rift axis has been collected to delineate better basement trends at 
> 2 km depth not apparent at the surface (Fig. 2) (chapter 3). Gravity observations in the 
Taupo Rift were undertaken by the author during two surveys between the 10th February 
2009 and the 5h February 2010 using a Lacoste and Romberg gravimeter (serial number 
G106) where the location and height of each observation was established with a Leica 
Real-Time Kinematic (RTK) differential GPS system in both real-time and post-
processing mode using the New Zealand Geodetic Datum 2000 trig point Waimangu. 
During the survey 130 new gravity stations were established and tied to Reporoa gravity 
station 156 (E2801549 N6302170 height 295 m (MSL) 979976.414 mGal), which is 
part of the New Zealand Primary Network (Robertson & Reilly, 1960). The daily 
determination of instrumental drift included the occupation of the Primary Gravity 
Network station at the beginning and end of each day and by looping to local base 
stations (i.e. repeat readings of previously measured stations). Observations were made 
along public and private roads. The locations of the surveys and detail of the processing 
methods can be found in Appendix 1. The design of the surveys was based around two 
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objectives: filling gaps in the New Zealand Gravity Station Network along the Taupo 
Rift axis (1-2 km spacing) and a detailed survey normal to the rift axis across the Paeroa 
Fault (0.25-0.5 km spacing). 
 
 4.5 Volcanic age data 
The most up to date and precise volcanic age data set has been compiled from the 
literature (see chapter 5 for references) to document the migration of arc volcanism 
across the North Island (Fig. 1b). The notable inclusion of the most precise regional age 
data for volcanism in the Taranaki Basin (Giba et al., 2012) and redating of samples 
from the Colville Ridge (Mortimer et al., 2010) provide alignments of active arc 
volcanoes over greater length scale than previous studies (Brothers, 1984; Kamp, 1984). 
Coupled with the age trends of volcanism, the geochemistry of volcanic samples across 
the North Island indicate magmas predominantly forming in a hydrated mantle wedge 
consistent with fluids from a subducting slab. The majority of onshore samples have 
whole rock chemical analyses and radiometric dates (Ar-Ar, K-Ar) with mean standard 
errors < ± 0.6 Ma. Radiometric ages from volcanic centres in offshore Northland, 
offshore Taranaki Basin and the South Fiji Basins are rare. In the offshore Northland 
and Taranaki Basins the age of volcanic centres is mainly constrained by the age of 
sedimentary rocks that underlie, onlap, and drape volcanic centres imaged mainly on 2D 
and 3D seismic-reflection lines (Herzer, 1995; Giba et al., 2010). The ages of 
stratigraphy that enclose the volcanic centres were determined by correlation of seismic 
reflectors to wells and typically have uncertainties of ±1-2 Myr (Giba et al., 2010). 
Where radiometric and stratigraphically correlated ages have been determined for the 
same location, the maximum age for the onset of volcanism is within error (Bergman et 
al., 1992; Giba, 2010). As arc front volcanism generally lies ~90-100 km above the 
subducting slab (Syracuse & Abers, 2006) these data are key for inferring geometric 
changes in the slab (chapter 5). 
 
5. Thesis outline 
Since the chapters in this thesis have been written as manuscripts prepared for journal 
submission, each dealing with separate generic or regional tectonic topic, it should be 
possible to read them independently. As a consequence, every chapter includes an 
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abstract and references. This approach leads to some repetition, particularly in the 
introduction section of each chapter, and an element of compartmentalization. To 
counter this focus on discrete topics or questions I have attempted to draw links 
between each chapter in the introduction and conclusions chapters. 
 Chapter 2 combines mapping of water flow rates and fault-zone structure to 
examine how, where, and why faults impact on fluid-flow. We examine fault-zone in 
situ fluid-flow in two contrasting lithologies in relation to their structural geometry, 
architecture and connectivity to the groundwater system. The heterogeneity observed in 
fault-zone architecture, thickness, and fluid-flow rates indicate that predicting the 
location of hydraulically conductive high permeability pathways in the crust will be 
problematic. 
 Chapter 3 addresses three principle questions associated intra-arc rifting in the 
central North Island. Firstly, what are the kinematics of the Taupo Rift? Secondly, 
what factors are influencing rift kinematics? And thirdly, how are these factors 
related to processes operating at the plate boundary scale? The structural geometry 
and kinematics of the Taupo Rift are defined with fault and earthquake slip data which 
is placed in context with rifting and volcanism along the southern portion of the Tonga-
Kermadec-Hikurangi subduction margin and compared models for extension in the 
overriding plate. The subducting slab exerts a first-order control on the location and 
geometry of intra-arc rifting. Second-order changes in the orientation of fault trends and 
extension direction show how basement anisotropy can influence the geometry and 
kinematics of rifting. 
 Chapter 4 investigates the origin of the heat source driving the exceptionally 
voluminous volcanism in the central Taupo Volcanic Zone and why arc volcanism 
extinguishes so abruptly to the south of the TVZ despite the continuity of a 
seismically active slab for a further ~350 km along strike. I examine the spatial 
distribution of earthquakes in the subducting plate in relation to the location and 
productivity of volcanism along the Hikurangi margin. Benioff zone earthquakes are 
considered to be the result of high fluid pressures generated by the dehydration of 
hydrous phases in the subducting lithosphere. Using GeoNet, relocated, and EHB 
earthquake catalogues the hydration and subsequent dehydration of the slab are 
documented and the implications for the volcanism and heat flow along the Hikurangi 
margin discussed. 
Chapter 1 
 
24 
 
 Chapter 5 examines how the slab geometry beneath the North Island has 
changed through time. I explore the geometric evolution of the subducting Pacific 
plate over the last 20 Myr using constraints from present-day arc-slab relations defined 
with relocated Benioff seismicity, a published tomographic model for the location and 
trend of the deep slab, and a catalogue of volcanic arc age data from across the North 
Island. The trend of the subducting slab has been approximately parallel to the present-
day since 16 Ma which contrasts with the generally accepted evolution of the overriding 
plate. 
 Chapter 6 reviews how relative plate motions constrain the evolution of the 
subducting Pacific and overriding Australian plates. I use published poles of rotation 
to examine relative plate motions for the Hikurangi margin that constrain the direction 
and rate of subduction. The direction and rate of subduction directly influences the 
location and timing of arc volcanism and deformation in the North Island in relation to 
current concepts for back-arc rifting and the evolution of subduction beneath the North 
Island. This chapter highlights the need for a consistent approach to plate 
reconstructions in the region. 
 Chapter 7 summarizes the results of this study and discusses possible lines of 
future research. 
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Chapter 2 
Fluid-flow in fault-zones from an active rift 
Abstract 
The geometry and hydraulic properties of fault-zones have been investigated using data 
for Mesozoic basement and Miocene strata from ~34 km of tunnels in the southern 
Taupo Rift, New Zealand. Fault-zones in these contrasting lithologies typically 
comprise fault-rock, small-scale faults, and fractures. Fault-zone thickness varies by 
several orders of magnitude approximating power-law distributions with the dimensions 
of these zones dependent on many factors including displacement, host-rock type and 
fault geometries. The fault-zones sampled, which are characterized by high shear strains 
(>10) and high bulk permeability (10-12-10-10 m2) relative to unfaulted host rock, 
comprise ≤ 15% of the rock. Despite fault-zones accounting for a small proportion of 
the total sample length, localised flow of groundwater into the tunnels occurs almost 
exclusively (≥ 91%) within, and immediately adjacent to, these zones. The spatial 
distribution and rate of flow from fault-zones are highly variable with typically ≤ 50% 
of fault-zones in any given orientation flowing. There are no simple relationships 
between fluid-flow and either or, fault strike, hydraulic head and flow-rate. A general 
positive relationship does however exist between fault size (e.g., fault-zone thickness) 
and maximum flow-rate. The entire basement dataset, for example, shows that 81% of 
the flow-rate occurs from fault-zones ≥ 10 m wide, with a third of the total flow-rate 
originating from a single fault-zone (i.e. the golden fracture). Higher flow-rates on 
larger faults may arise because these structures have greater dimensions and are more 
likely (than smaller faults) to be connected to other faults in the system and the surface. 
While these relationships provide a basis for predicting which fault-zones are likely to 
have the highest fluid-flow-rates, the system is sufficiently heterogeneous that locating 
the golden fracture will be challenging. 
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1. Introduction 
Hydraulic behaviour of fault-zones is difficult to predict due to their spatially variable 
structure and permeability. Bulk flow-rates through or along a fault-zone are important 
for many practical applications, including geothermal and hydrocarbon production, and 
are dependent on a number of factors including permeability variations, structural 
anisotropy, pressure differentials, and fluid viscosity (Caine et al., 1996; Evans et al., 
1997; Cox, 1999; Wibberley et al., 2008; Manzocchi et al., 2010). Assessing the bulk 
flow characteristics of fault-zones has been hindered by a general lack of in situ flow 
data which can be related to the structure of fault-zones and surrounding rock-mass 
(Evans et al., 1997; Wibberley et al., 2008; Faulkner et al., 2010). Here I combine 
mapping of water flow-rates and fault-zone structure to examine how, where, and why 
faults impact on fluid-flow. 
 Faults zones exhibit extreme internal complexity and heterogeneous strain 
distribution which does not lend itself to simplification or generalisation (Childs et al., 
2009). It has long been recognised that fault-zones are irregular, branched, and 
anastomosed over a broad range of scale (mm to km) (Fig. 1). They comprise one or 
more zones of fault-rock (gouge, breccia, cataclasite) that can bound or sit within a 
matrix of less sheared and highly fractured rock (Fig. 1) (Wallace & Morris, 1986). 
Fluid-flow within fault-zones is controlled by their hydraulic properties which are 
influenced by wall rock lithologies and fault-zone architecture (Wallace & Morris, 
1986; Caine et al., 1996; Childs et al., 1996b; Evans et al., 1997; Wibberley et al., 2008; 
Faulkner et al., 2010). The spatial extent to which faults impact on fluid-flow depends 
on their size, connectivity (and the connectivity of elements within the zones) and 
permeability relative to the wall rock (Balberg et al., 1991; Evans et al., 1997; Cox, 
1999). Large or highly connected faults or fault-zones with permeabilities which differ 
significantly, at least two orders of magnitude higher, than the host rock have the 
greatest potential to modify flow (Bour & Davy, 1997; Evans et al., 1997; Sanderson & 
Zhang, 1999). 
 In this paper, I examine in situ fluid-flow from tunnels through fault-zones and 
host rock of very low permeability Mesozoic greywacke basement and relatively 
permeable Miocene sandstone. The dataset includes information on fault geometries and 
their spatial relationships to water flowing into the tunnels along the margin of the 
Taupo Rift, New Zealand. Faults and water flow from engineering geological logs and  
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Figure 2. Tectonic setting of the Tongariro Power Development tunnels, southern Taupo Rift, 
New Zealand. (a) Location of tunnels in relation to the Hikurangi subduction margin, basement 
terranes (dark grey shading), and rifting. Orientation of SHmax and stress ratios in (B) derived 
from mid-crustal earthquakes (red arrows) (Sherburn et al., 2009) and bore hole breakouts (blue 
arrows) from the Australasia stress map (www.asprg.adelaide.edu.au/asm/). (b) Shaded relief 
model overlaid with Tongariro Power development tunnels (thick blue lines) and faults mapped at 
1:250 000 (thin black lines) (Townsend et al., 2008; Lee et al., 2012). 
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reports are used to examine the factors influencing the rates and localisation of 
groundwater flows in relation to fault-zone architecture and connectivity of the fault-
fracture network. The strain distribution, permeability structure, and flow-rates of 
basement fault-zones are highly heterogeneous, with fault-zone thickness and flow-rates 
exhibiting power-law distributions. My results may have application to the geothermal 
(including New Zealand’s Taupo Volcanic Zone), hydrocarbon, and CO2 storage 
industries however as the fault-fracture network as a whole displays characteristics 
similar to fracture systems at or above a percolation threshold (i.e. power law flow rates 
from unpredictable locations), the prediction of high permeability pathways will be 
problematic. 
 
2. Fault definitions and measurements 
Fault and fluid-flow data are from 3-6 m diameter tunnels excavated 75-500 m below 
the surface during the course of the Tongariro Power Development project in the 
southern Taupo Rift, North Island, New Zealand (Fig. 2) (Beetham & Watters, 1985). 
These data form a rather unique data set combining both detailed descriptions of fault 
zones and the location and rate of ground water flow. Previous descriptions of the 
tunnels by Beetham & Watters (1985) and various unpublished engineering reports (e.g. 
Hancox, 1975; Hegan, 1980) provide a general description of the tunnels, basement 
lithologies, structures (including faults) and the tunnelling conditions encountered 
during the course of the project. This study uses data from a detailed analysis of fault 
and fluid-flow-rate data taken from 1:240 engineering geological logs constructed at the 
time of tunnel excavation (1969-1976) to characterise rock-mass properties including 
strength and water flow (Fig. 3) (Hegan, 1980). The logs have been collated here to 
describe the first order geometry, distribution, fluid-flow properties of fault-zones over 
scales of centimetres to kilometres.  
 The dataset comprises 530 basement and 40 Miocene-Recent fault-zones 
intersected by ~34 km of tunnels excavated through Mesozoic greywacke basement and 
by ~2.5 km of tunnels through a Miocene marine sandstone, respectively (Fig. 2) 
(Beetham & Watters, 1985; Townsend et al., 2008). Fault-zone data typically comprise; 
distance along the tunnel, orientation, displacement (Miocene sandstone), description 
and thickness of fault-rock and fault-zone, rock strength (Mesozoic basement), and the 
location and rate of any localised groundwater inflow (Fig. 3).  
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 Fault-zone and fault-rock thicknesses have been measured from tunnel sections 
through normal faults in Miocene strata and probable normal faults in basement. As 
with all studies of fault-zone and fault-rock dimensions these measurements carry an 
element of subjectivity and may vary depending on how these terms are defined. Here, 
fault-zone has been defined as a system of related fault segments that are kinematically 
related (i.e. they link or interact) and are restricted to a relatively narrow band or 
volume (Peacock et al., 2000). This definition can be applied to fault-zones within the 
tunnels which are generally defined by slip-surfaces containing fault-rock and/or by 
marked changes in rock strength (a function of fracture density) in the case of large 
basement fault-zones (Hancox, 1975; Hegan, 1980). Similarly, fault-rock which 
typically comprise gouge, crush zones and breccia, are generally well defined (e.g. Fig. 
3). In this study all fault-zone thicknesses are measured between planar surfaces 
containing or bounding fault-rock (e.g. Fig. 3). The displacement required to 
discriminate fault-zone bounding slip surfaces from minor faults outside these zones 
cannot be rigidly defined since it depends on factors such as fault style, fault density or 
the scale of observation (Childs et al., 2009). Although difficult to estimate, it is 
possible that in some cases volumes of small (e.g. < 5%) fault-related strains have been 
excluded from our measurements. The concept of fault-zones comprising a high strain, 
low permeability fault core surrounded by a low strain, high permeability damage zone 
(Caine et al., 1996), do not adequately describe the variety of fault-zone geometries 
observed in the tunnels and has not been employed here.  
 Faults within the Miocene strata displace centi- to decimetre bedding with 
measured normal separations up to 3 m (i.e. tunnel height) (Fig. 3a). Fault-zones 
typically comprise numerous steeply dipping (73 ± 12°) slip zones of silty clay fault-
rock (gouge) that separate relatively undeformed lenses of host rock (i.e. minor jointing 
and rotation). Fault-zones in Miocene strata are generally separated by thicknesses of 
undeformed wall rock at least as wide as the zone itself. In the rare instances where 
fault-zone definition becomes subjective (i.e. high frequencies of low displacement 
faults occurring over a broad thickness), subdivision of faulting into smaller zones 
makes little difference to displacement-thickness ratios (Childs et al., 2009) or to the 
general conclusions of this paper. 
 Although steeply dipping (68 ± 17º) basement faults typically have no 
displacement markers, their size (e.g. length and maximum displacement) can be 
inferred from fault-zone width. Large fault-zones ≥ 10 m in width typically contain, and 
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 are bounded by, numerous sub-parallel slickensided slip surfaces which define lenses 
of variously sheared, jointed, shattered, and/or crushed rock (Fig. 3b). Small fault-zones 
(i.e. ≤ 1 m) are well defined, almost planar zones of crushed rock within a matrix of 
plastic silty clay (gouge). Grading analysis of typical fault-rock (i.e. gouge, breccia, 
and/or cataclasite) shows it to comprise ~50% sand or larger grain sizes (Hegan, 1980). 
 Regions of highly fractured rock bounding one or both margins of basement 
fault-zones are common, though not universal. Highly fractured rock (fracture spacing ≤ 
5 cm) represents the lowest strain component of fault-zones which may be bounded by 
fault-rock or located between fault-rock and wall rock. For example, many highly 
fractured regions approaching the margins of fault-zones contain minor clay 
slickensided fault surfaces (Hegan, 1980) from which it is inferred that these regions 
accrued a small percentage of the total shear strain. As there is little or no pore space 
remaining in the basement host lithologies (Allis et al., 1993; Wood et al., 2001), it is 
these highly fractured zones predominantly within and adjacent to fault-zones that 
produce the majority of porosity and bulk permeability in the basement. At the 
resolution of the logs, water flow also occurs directly from basement fault-rock 
containing mixtures of gouge with fractured and crushed rock. 
  
3. Geological setting  
The tunnels are located on the margins of the southern Taupo Rift in the central North 
Island, New Zealand. Rifting formed over the last 2 Ma and is spatially coincident with 
arc volcanism and high temperature geothermal systems (Bibby et al., 1995; Wilson et 
al., 1995), although neither were intersected by the tunnels. Basement greywacke rocks 
of the North Island comprise a series of imbricate tectono-stratigraphic terranes accreted 
along the Gondwana subduction margin during the Permian to Cretaceous, two of which 
are intersected by the tunnels (Waipapa and Torlesse) (Fig. 2) (Beetham & Watters, 
1985; Mortimer, 2004). These basement rocks have undergone multiple episodes of 
faulting, including the most recent episode of rifting (Beetham & Watters, 1985; 
Walcott, 1987; King & Thrasher, 1996; Nicol et al., 2007) which accommodated NW-
SE oriented extension of the central North Island (Hurst & McGinty, 1999; Acoccella et 
al., 2003; Hayes et al., 2004; Villamor & Berryman, 2006; Reyners, 2010) (chapter 3). 
 Basement rocks intersected by tunnels are indurated, Mesozoic sedimentary 
rocks (initially formed as deep water turbidites) which have been subject to low-grade 
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metamorphism (Beetham & Watters, 1985; Mortimer, 2004). Basement comprises three 
dominant lithologies with bedding thicknesses ranging between 0.1 m to ≥ 100 m; a 
muddy fine to medium quartzo-feldspathic sandstone, a fissile mudstone (argillite), and 
an argillite that typically contains thin discontinuous beds or lenses of sandstone 
(Hegan, 1980; Beetham & Watters, 1985). These rocks have been folded with beds 
generally dipping steeply (> 60°) and striking north-northeast. Moderate-high angle (70-
90º dips) joints with variable lengths and spacing are ubiquitous throughout basement 
and cross-cut less common and older moderate-low (30-50º) quartz and epidote veins 
(Hancox, 1975; Hegan, 1980). Low permeabilities outside basement fault-zones are 
indicated by very low or no groundwater seepage in unfaulted sections of tunnel. 
Basement has primary porosities typically < 10% (Brathwaite et al., 2002) and intrinsic 
permeabilities (for an equivalent lithology from drill core in the Taranaki Basin) ranging 
between 10-15-10-17 m2 (Higgs et al., 2012). Unconformably overlying basement is a 
Mid-Miocene age silty fine sandstone, interbedded with conglomerate lenses, with 
gentle (<10°) bedding dips towards the south (Townsend et al., 2008). Drill core 
samples from the Mt Messenger formation in the Taranaki Basin, which is of similar 
age and provenance to the Miocene sequence encountered here, show a general positive 
correlation between porosity (15-25%) and intrinsic permeability (10-15-10-13 m-2) 
(Higgs et al., 2012). 
 Fluid-flow data from Mesozoic basement and Miocene strata are primarily 
sourced from engineering geological logs (Fig. 3). The exception are basement fault-
zones with large fluid-flows where tunnel conditions were poor, these data are sourced 
from engineering geological reports detailing fault-zone dimensions, properties, and 
flow-rates (Hancox & Paterson, 1975). Concentrated localised groundwater flow into 
the tunnels reflects fault parallel (in-plane) flow. I shall refer to these groundwater 
inflows as “localised flow” or “flow”. While there is sparse anecdotal evidence that 
some faults compartmentalize the groundwater system (e.g. Fig. 3a) similar to that 
described in other fault systems (Wallace & Morris, 1986; Evans et al., 1997), no data 
are available from the tunnel logs to assess across fault flow-rates. Within the Miocene 
sequence, all flow occurred from within fault-zones where individual faults were 
identified and described as the source of flow, though the exact locations were not 
shown (e.g. Fig. 3a). Within Mesozoic basement, the location of fluid-flow is generally 
recorded as a point source with an assigned flow-rate measurement (Hancox & 
Paterson, 1975). Basement flow-rates were measured quantitatively (i.e. gallons per 
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minute) while in the Miocene sequence flow-rates where typically given descriptive 
terms (i.e. trickle, moderate, heavy). In some cases descriptive terms and measured rates 
were given for the same flow, and these were used to calibrate flow-rates for the 
descriptors. Flow-rates were recorded at the time of logging which generally occurred 
between 5-15 days after excavation. Flow-rates decrease with time from tunnel 
excavation. Repeat flow-rate measurements at three sites suggest groundwater flow-
rates decayed exponentially reducing to a half and one third of their initial values after 
15 and 30 days, respectively. Therefore, the time the sample was taken relative to tunnel 
excavation probably accounts for no more than a factor of 2 variation in flow-rates. 
  
4. Relationships between faults and fluid-flow 
The vast majority of fluid-flow into the tunnels is associated with fault-zones. Within 
basement for example, 91% of the total number of instances of localised flow come 
directly from fault-zones or within 10 m of fault-rock. These flows account for ~99% of 
the total localised flow-rate measured in the tunnels through basement. Not all fault-
zones are, however, associated with flow. In the basement only around a quarter of 
fault-zones ≥ 0.1 m thick are associated with localised flows. Within Miocene strata, all 
localised water flow occurs from fault-zones though only about a half of the fault-zones 
have flow associated with one or more slip zones. Understanding the factors that govern 
whether a fault-zone is associated with flow, and where that flow occurs in relation to 
fault-zone architecture, are discussed in this section. 
 
 4.1 Fault-zone geometry 
Permeability across and along fault-zones is governed by their spatial distribution of 
rock deformation products (e.g. fault-gouge and fractures) in three dimensions. Fault-
rock containing gouge can act as barriers to across fault flow, while open fractures can 
promote along fault flow (Caine et al., 1996; Evans et al., 1997; Cox, 1999; Wibberley 
et al., 2008; Faulkner et al., 2010; Manzocchi et al., 2010). The widths of both fault-
zones and fault-rock can change significantly over a few metres. Fault-gouge thickness 
can, for example, vary by up to a factor of four between tunnels walls (~ 3 m) in 
basement. These variations are associated with bifurcation and truncation of slip zones 
which are widely observed in many fault systems (Childs et al., 2009). I examine the 
geometry of hydraulically conductive faults in the Mesozoic basement and Miocene 
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 sequence to understand better what factors control the location and rate of flow into the 
tunnels. First I describe the main geometric elements of fault-zones in each lithology, 
examine these in relation to global compilations and general properties of fault 
populations, then look at the main relationships between fault-zones and fluid-flow. 
 Fault-zones in the Miocene sequence comprise two main architectural units, 
fault-rock (Gouge) and fault-bound lenses of generally undeformed (at the resolution of 
the logs) or sparsely jointed host rock (Fig. 3). In contrast, basement fault-zones are 
comprised of four main architectural units. The three main types of fault-rock (Gouge, 
Crush, and Shear zones) and zones of fractured rock (Shatter zones) were typically 
discriminated within basement fault-zones in the engineering geological logs. These 
four fault-zone components reflect decreasing strain intensity (from gouge to fractured 
rock respectively) through decreases in fracture density and clay content associated with 
increasing grain size (Hegan, 1980). Zones of fractured rock, while generally associated 
with fault-rock, are not exclusive to fault-zones. Combinations of gouge and variable 
amounts of rock fragments (termed crush zones in the logs), which are typically 
centimetres to metres wide, constitute the majority of fault-rock observed in the tunnels 
through basement. 
 The heterogeneity of fault-gouge thickness and its positive relationship to fault-
zone thickness are illustrated for basement and Miocene in Fig. 4. Fault-gouge 
thicknesses (contained in single or multiple slip zones) are 10-100% of the fault-zone 
thickness in circumstances where the latter ranges between 0.1 and 1 m. Fault-zones 
encountered within the Miocene sequence typically comprise 2 and 8 slip zones each 
containing fault gouge (e.g. Fig. 3a). Smaller fault-zones in basement (< 1 m thickness) 
may be associated with a single slip zone, however, as fault-zone thickness increases, so 
generally does the number of slip zones. For fault-zone widths in basement > 10 m only 
the widest thicknesses of fault-rock were measured due to the increasing numbers of 
minor slip zones and the presence of tunnel supports (e.g. Fig. 3b). Faults in basement 
and Miocene strata show a general positive relationship between total fault-rock and 
fault-zone thicknesses (Fig. 4). In the Miocene sequence positive relationships between 
fault-rock and fault-zone thickness with displacement also exist and are consistent with 
the global compilation Childs et al. (2009).  
 Faults in both basement and Miocene strata display one-dimensional power-law 
scaling relationships. These relationships for displacement (d), thickness (t), and flow-
rate (f) populations are determined from normalized cumulative frequency distributions, 
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N(d, t, f) (i.e. thickness in metres greater or equal to t). In log-log plots, where a straight 
line indicates a power-law distribution with an exponent, a, given by the slope of the 
graph (Walsh & Watterson, 1992; Gillespie et al., 1993): 
N(d, t, f) ≈ (d, t, f)-a 
Resolution effects at the upper and lower ends of these distributions are a common 
feature of natural data and only the maximum slope of the central segment over at least 
one order of magnitude is considered here (Walsh & Watterson, 1992; Nicol et al., 
1996). Power-law distributions are commonly referred to as ‘self-similar’ or fractal (i.e. 
scale independent) and indicate a high degree of variability in the quantity measured. 
 Consistent with other measures of fault-zone size, such as displacement or 
length (Walsh & Watterson, 1992; Kim & Sanderson, 2005), fault-zone thicknesses also 
display power-law distributions with exponents ranging from -0.57 for the aggregate 
basement dataset (Fig. 5a) to between -0.8 and -1.0 for well constrained tunnel sections 
2.5-5 km in length (e.g. Miocene in Fig 5a). Deviation from the power-law trends at 
fault-zones thicknesses < 0.1 m in basement and < 1m in Miocene is interpreted to 
indicate under sampling of fault-zone thicknesses below these values.  
 Flow-rates in the tunnels are highly variable and range over four orders of 
magnitude (10-5 to 10-1 m3/s) (Fig. 5). Flow-rates in Miocene and basement rocks 
approximate power-law distributions over at least one order of magnitude with 
exponents of -0.37 and -0.52, respectively. Deviation from the power-law trend at flow-
rates < 5 x10-4 m3/s indicate under sampling of flows below this value. Basement fault-
zones show a broader range of flow-rates than the Miocene sequence which is probably, 
at least in part, due to differences in sample size and the corresponding increase in 
maximum fault size in basement. The inference that flow rates are positively related to 
fault size is supported by the power-law exponents for fault-zone thickness and flow-
rates in basement which are similar. Fault-zone thickness and flow-rates in Miocene 
strata have different power-law exponents and may in part be due to the limited sample 
size range which is significantly less than for basement. 
 Fault-zones, including fractured wall rock adjacent to fault-rock in basement, 
account for the vast majority of localised flow entering the tunnels. No systematic entry 
location (with respect to the tunnel axis) is observed between adjacent (and sometimes 
within) fault-zones in either Miocene or basement rocks as might be expected if, for 
example, flow locations were controlled by a local or regional topographic gradient. In 
basement at the resolution of the tunnel logs, flow typically occurs from within or 
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immediately adjacent to fault-rock and from lenses of variably strained host rock 
bounded by fault-rock. Fault-rock in basement typically contains variable proportions of 
breccia and clay and flow is inferred to be mainly occurring within breccia dominated 
zones. In the Miocene sequence, the majority of flow occurs within fault-zones adjacent 
to fault-rock typically 0.01-1 m in thickness. Occasionally this flow was observed to 
emanate from joints within fault-zones. In many cases, not all fault-rock was associated 
with nearby flow. For example, along a 1.5 km tunnel section in the Miocene sequence, 
52 of 111 fault-rock zones were associated with flow. This contrasts with the 
undeformed Miocene host rock either within or adjacent to fault-zones, from which only 
minor (< 1%) (mainly associated with conglomerate units) or no seepage occurred. 
 By contrast, flows occur from fractured wall rock within, and adjacent to fault-
zones in basement. Flow associated with small basement fault-zones (i.e. < 1 m wide) 
occur directly from fault-rock crush zones or from fractured rock adjacent to the fault-
zone (i.e. typically ≤ 2 m). Flows associated with larger fault-zones (i.e. > 1 m thick) 
occur directly from fault-rock or from variably sheared/fractured zones within or 
adjacent to the fault-zone. Where there is clear distinction between zones of gouge and 
highly fractured and/or sheared rock within a fault-zone, flow occurs from the later. In 
general, fractured rock throughout the basement appears to support moderate to low 
flow-rates (≤ 5 x 10-3 m3/s) typically adjacent to or within fault-zones (see below). As 
noted previously (Wallace & Morris, 1986), rare instances of moderate to low flow 
occurring from fractured zones not associated with a fault-zone are found. High flow-
rates (≥ 5 x 10-3 m3/s) occur exclusively from sheared and fractured rock in proximity to 
gouge thicknesses > 1 m thick within basement fault-zones typically ≥ 10 m wide.  
 Fracture density may influence basement fault-zone flow-rates. In specific 
examples where high flow-rates (> 1 x 10-2 m3/s) occur within, and moderate-low flow-
rates (≤ 5 x 10-3 m3/s) occur adjacent to fault-zones. Fracture densities derived from 
drillcore through multiple basement fault-zones ≤ 1 m in thickness indicate the number 
of fractures increase from background values of ~1-10 m-1 to ~100 m-1  adjacent to 
fault-zones, increasing to > 100-1000 m-1  within fault-zones (Hegan, 1976). These high 
flow-rates may have been facilitated by high densities of open fractures (e.g. 100-1000 
fractures/m) which are common in wider fault-zones. It is not possible, however, to 
correlate high flow-rates to individual fractures or to estimate fracture apertures from 
tunnel logs. 
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 In summary, fault-zones in Miocene strata and Mesozoic basement typically 
comprise an anastomosing system of intersecting fault segments (both synthetic and 
antithetic) which bound lenses of variably fractured wall rock. The location and rates of 
flow from within and adjacent to fault-zones are highly variable. Within medium-high 
porosity and permeable Miocene sandstones, all localised flow is associated with fault-
zones. Within low porosity and permeability Mesozoic basement, localised flow is 
fracture controlled and predominantly occurs from within and adjacent to fault-zones 
where fracture densities are highest. Given the time scales flow occurs over in this study 
(days to weeks) and the porosity and permeability of the host lithologies, I suggest that 
the hydraulically conductive faults are the primary reservoirs associated with flow into 
the tunnels. In general, the majority of flow occurs from fault-zones where the intrinsic 
permeability/porosity structure of the host lithology appears to have little influence on 
the flow properties of the faults.  In the following sections I examine factors such as 
fault orientation with respect to the local and regional stress field and/or the 
connectivity of the fault-fracture network that may account for the highly variable 
distribution and rate of flow.  
 
 4.2 Fault orientations and stress regime 
The permeability of faults and fractures is believed to be strongly controlled by their 
orientation relative to the present day stress field (Barton et al., 1995; Morris et al., 
1996; Ferrill et al., 1999; Sanderson & Zhang, 1999; Townend & Zoback, 2000). Under 
anisotropic stress conditions, critically stressed faults and fractures (i.e. those close to 
failure) are considered more likely to be permeable or hydraulically conductive than 
those that are not (Barton et al., 1995; Townend & Zoback, 2000; Evans et al., 2005). 
Critically stressed faults, for example, have resolved shear stress (τ) acting on their 
surfaces that equals or exceeds their frictional resistance to sliding (F), where frictional 
resistance is proportional to the effective normal stress (σn) acting on those surfaces: F ≤ 
τ = μσn where μ is the coefficient of static friction (Jaeger & Cook, 1979; Barton et al., 
1995; Morris et al., 1996). Faults and fractures in optimal orientation for failure or with 
high slip tendencies (Ts) in an ambient stress field have Ts ≥ τ/σn ≥ 0.6 (Byerlee, 1978; 
Morris et al., 1996; Townend & Zoback, 2000). Faults and fractures striking sub-
parallel to the trend of the maximum stress are therefore the most likely structures to be 
hydraulically conductive under the Coulomb failure criterion. The dilation of fractures, 
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Figure 6. Fault-zone flow data. (a) Hydraulically conductive and non-conductive fault-thickness 
orientation. (b) Miocene sequence fault zones ≥ 1 m with and without flow. (c) Basement fault 
zones ≥ 1 m with and without flow. (d) Fault-zone orientation verses flow rate. Regional Shmax 
trend (red line) with ± 20 º variability (grey shading) observed across central North Island, see 
Fig. 2 for location and references. The majority of basement fault zones < 1 m are not associated 
with flow, those that are only account for ~3% of the total flow rate, and therefore we restrict our 
analysis to faults zones ≥ 1 m in thickness. 
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 largely controlled by effective normal stress, can also influence permeability (Ferrill et 
al., 1999). The normal stress a fracture experiences depends on the orientation and 
magnitude of the principal stresses in relation to that plane. The permeability or the 
ability of a fracture to dilate and transmit fluid is directly related to its aperture, which 
in turn is a function of the effective normal stress acting upon it (Ferrill et al., 1999). In 
situ studies of crustal permeability from deep boreholes (2-9 km) indicate that, in 
general, the crust has near hydrostatic pore pressures to depth that are maintained by 
high bulk permeability (~10-17 to 10-16 m2 over scales of 1-10 km) induced by critically 
stressed faults and fractures (Townend & Zoback, 2000).  
 Within Miocene strata on the western margin of the Taupo Rift, the mode for 
normal fault strike is ~170º (Fig. 6a), sub- normal to the regional maximum horizontal 
stress (Shmax) (refer Fig. 3) and approximately parallel with the underlying basement 
fabric (Townsend et al., 2008). The frequency and orientations of hydraulically 
conductive and non-conductive fault-zones within Miocene rocks are approximately 
equivalent (Fig. 6b). In contrast to the Miocene sequence, the basement faults strike 
predominantly parallel to the regional Shmax orientation and to regional faults mapped 
above the eastern tunnels (Lee et al., 2010) from where the majority of basement data 
originate (Fig. 6a and c). Again, approximately equal numbers of hydraulically 
conductive and non-conductive faults are observed around the peak strike ~060º (Fig. 
6c). Approximately 75% of large basement fault-zones ≥ 10 m and sub-parallel to 
Shmax (040-080º) are hydraulically conductive with a wide range of flow-rates (10-5 to 
10-2 m3/s) (Fig. 6d). However, high flow-rates (> 10-2 m3/s) occur across a range of 
azimuths in basement, the highest occurring on faults orientated perpendicular to 
Shmax.  
 The optimal orientation of faults in the prevailing stress field cannot account for 
the variability in the distribution and rate of flow occurring on faults within the tunnels 
100-500 m below the surface. The observations that only half of optimally oriented 
faults within basement are associated with flow, that the largest flow-rates occur from a 
basement fault-zone striking normal to the regional Shmax and that most of the 
hydraulically conductive faults in Miocene strata also strike at a high angle (60-90º) to 
Shmax, suggest factors other than stress also influence the hydraulic properties of fault-
zones in this study. There are two main interpretations of these observations. Firstly, 
fault-stress orientation relations control fault permeability but either regional Shmax is 
not a good predictor or local Shmax and/or that not all slip surfaces/fractures within 
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fault-zones are parallel to the general fault strike. Secondly, factors other than (or in 
addition to) stress and fault strike influence fault permeability (e.g. fracture density and 
connectivity, or fluid source). 
 In the southern Taupo Rift the local stress field can deviate significantly from 
the regional trend over distances of no more than 15-20 km (Fig. 2). Determination of 
Shmax orientation and stress ratios (σ1-σ2/ σ1-σ3) from clusters of mid crustal focal 
mechanisms by Sherburn et al. (2009) show deviations of up to 80º from regional trends 
observed across the central North Island. Stress ratios in the southern Taupo Rift also 
show a high degree of variability (from 0.1 (σ1 ≈ σ2) to 0.67 (σ2 ≈ σ3) (Sherburn et al., 
2009). These local variations in the stress field could account for flow associated with 
non-optimally orientated faults. Deviation of the local stress field from the regional 
Shmax orientation could also occur in proximity to recently active faults (Barton & 
Zoback, 1994; Brudy et al., 1997) some of which are close to, or intersected by, the 
tunnels (Villamor & Berryman, 2006).  
 Alternatively, complex fracture patterns within a fault-zone may result in 
fracture sets optimally oriented with respect to the maximum principal stress and/or 
Shmax even though the general trend of the fault is not. Minor faults and fractures in 
basement fault-zones, for example, may vary in strike more than 60º from each other or 
from the overall strike of the fault. Such variations could produce fault slip surfaces or 
fractures within the zone that strike parallel to Shmax. Departures in the strike of faults 
and fractures within fault-zones from the general fault strike will be common at relays 
or bends in fault surfaces (Childs et al., 1996b; Cox, 1999; Kim et al., 2004; Childs et 
al., 2009). These are likely to be sites of large numbers of small-scale faults and wide 
fault-zones and could represent favoured locations of fluid-flow (Childs et al., 1996a; 
Fossen et al., 2005; Ilg et al., 2012). Numerical modelling of pervasively fractured rock 
(at depths equivalent to this study) also show significant variations in deformability and 
permeability that are functions of fracture geometry (density, length, anisotropy) and 
orientation within a stress field (Zhang & Sanderson, 2001). In these models where 
Shmax is parallel to fracture sets (i.e. critically stressed), dilation is observed, otherwise 
dilational shear deformation modes develop, within which sliding, opening and block 
rotation occurs at fracture intersections resulting in highly localised power-law flow-
rates (Zhang & Sanderson, 2001). 
 Within the near surface tunnels in this study the orientation of faults with respect 
to the regional or local principal stress directions does not appear to be a good indicator 
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of their hydraulic conductivity. While out of scope of this study, this raises a question 
about what depth principal stress orientations do begin to significantly influence flow 
anisotropy? Fault controlled flow anisotropy at Yucca Mountain, for example, is 
consistent with predictions based on slip and dilation tendency analysis from depths of 
~400 m (Ferrill et al., 1999) whereas orientation of faults in this study at depths between 
100-500 m depth shows little influence on flow direction or rate. Disparity between our 
results and those of previously published suggest that further work is required to 
determine under what conditions slip and dilation tendency might prove fruitful for 
predicting when and where faults will enhance fluid flow. 
 
 4.3 Fluid-flow Model 
Fault-zones controlling flow into the tunnels (and potentially the hydrostatic fluid 
regime) comprise ≤ 8% of the rock encountered by the tunnels, yet they account for ≥ 
90% of the flow. The majority of fluid-flow into the tunnels comes from fault-zones 
where fracture densities are high. Faults with widely varying strikes accommodate 
fluid-flow and it is not possible to predict which faults will flow based on their strike. 
Fault-zones are fluid reservoirs which contain highly localised conduits for water flow. 
Moderate to low flows (≤ 5 x 10-3 m3/s) occur as point sources from, or immediately 
adjacent, to fault-rock or from fracture zones associated with fault-zones. The highest 
flows occur from the biggest faults as these are the most connected to the surface and 
other faults. High flow-rates (≥ 5 x 10-3 m3/s) generally occur across areas within fault-
zones that suggest these sheared, fractured, or crushed zones have properties similar to a 
porous medium. Because of the relationship between fault size and flow-rates, power-
law scaling properties of the two variables are similar.  
 Fluid-flow pathways in the crust are influenced by the permeability of the rock-
mass over a variety of spatial and temporal scales, and by fluid pressure gradients that 
depart from hydrostatic (Cox, 1999). Many in situ studies, including this one, highlight 
the highly localised nature of fluid-flow through fractured media (Wallace & Morris, 
1986; Palliet et al., 1987; Levens et al., 1994; Tsang & Neretnieks, 1998; Cox, 1999; 
Evans et al., 2005). Numerical models of rock deformation consistent with these studies 
show highly non-linear behaviour and flow localization are features of a wide range of 
natural well-connected critically stressed fracture networks (Sanderson & Zhang, 1999).  
Similar to these studies, a small fraction of the elements within the fault-fracture 
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network in this study are associated with the majority of flow. For example, basement 
fault-zones > 10 m thick (N = 23) representing < 3% of the total tunnel length account 
for ~80% of the localised flow-rate entering the tunnels, and one fault-zone accounts for 
33% (Fig. 8). I also highlight the similarities in flow properties between fault-zones in 
two lithologies that contrast in both physical properties (porosity and permeability) and 
deformation history under similar fluid pressure differentials. The flow properties of 
fault-zones, which is of primary interest to industry, are highly variable both in 
distribution and rate (under relatively low stress and driving pressures). The spatial 
distribution and rate of flow associated with basement fault-zones suggests the rock-
mass has properties similar to that of a fracture network at or above a percolation 
threshold where flow is governed principally by fracture connectivity. In these terms, 
the prediction of highly permeable fluid pathways for reservoir modelling or targeted 
drilling for example becomes problematic. 
 Comparison of flow-rates relative to fault-zone thickness and estimated 
hydrostatic pressure indicates that the connectivity of permeable zones within and/or 
adjacent to a fault-zone must be variable or that sub-hydrostatic fluid pressures are 
driving flow (Fig. 7). Consistent with groundwater studies at the time of excavation, 
flows are assumed to enter the tunnel under pressures equal to the full hydraulic head 
approximated by height of topography above the tunnel (Hegan, 1976; Hegan, 1980). 
The contribution of these fault-zones to the bulk permeability of the system appears to 
depend on how (or if) they are connected to the surface and/or other hydraulically 
conductive faults. Flow-rates may be lower where a fault-zone is connected by 
relatively low permeability pathways or not connected directly or indirectly to the 
surface (e.g. Fig. 7b). In the same way that across fault flow is dependent on the 
continuity of fault-gouge (i.e. the weakest point) (Lunn et al., 2008), in-plane flow-rates 
should be governed by the lowest permeability (Long & Witherspoon, 1985) and 
average pressure differential encountered along a connected pathway.  
 The connectivity of fault-zones to the groundwater system is a key determinant 
for flow. The connectivity of a fault to other faults in the system will be influenced by 
its length (Bour & Davy, 1997). In the basement there is no direct measure of either 
fault length or displacement, however, given the broad positive relationships between 
fault-zone thickness & displacement (i.e. the Miocene sequence; refer Fig. 4) and 
displacement & length relationships (Kim & Sanderson, 2005; Childs et al., 2009), I 
would expect fault-zone thickness also to have a general positive correlation to fault 
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length. Therefore, the widest fault-zones are likely to also be the longest faults with the 
greatest potential to extend to the ground surface and to be hydraulically conductive. In 
support of this model many large basement fault-zones (10-50 m thick) within the 
tunnels are associated with prominent lineations mapped or inferred at the surface 
(Hancox & Paterson, 1975; Beetham & Watters, 1985). Because there are few of these 
large fault-zones connected to the surface there is not a strong positive relationship 
between estimated hydraulic head and flow-rate (Fig. 7a).  
 In a simple Darcian flow model, a column of water with direct hydraulic 
connection from the surface to the tunnel (with negligible friction losses) has a greater 
pressure differential under high topographic elevations, and therefore higher flow-rate, 
than under low elevations (all other parameters remaining constant). Here, the inflow-
rates for a given fault-zone thickness are largely insensitive to the estimated hydraulic 
head driving fluid-flow. This insensitivity arises because the majority of small basement 
faults (< 1 m thick) (Fig. 6a) are not connected to the fault network maintaining 
hydrostatic fluid pressures. In contrast, the largest flows occur on basement fault-zones 
typically > 10 m thick indicate these are flowing in response to hydrostatic or near 
hydrostatic fluid pressures (Fig. 9). It must be remembered that not all large fault-zones 
are associated with flow, and some that are, have flows characteristic of much smaller 
fault-zones (Fig. 9a). Much of the variability in the distribution and rate of flow 
observed in the tunnels can be accounted for if the system is considered at or close to a 
percolation threshold (Balberg et al., 1991; Cox, 1999; Sanderson & Zhang, 1999). 
 Percolation theory provides insights into the development of hydraulic 
connectivity and the partitioning of fluid-flow amongst elements of a network of 
permeable faults and fractures in an otherwise impermeable medium (Cox, 1999). 
Percolation networks can be described in terms of three types of elements: backbone 
elements that connect one side of the system to the other and support the majority of 
flow through the network, dangling or deadend elements that branch from the flow 
backbone, and isolated elements which are disconnected from other system elements 
(Balberg et al., 1991; Cox, 1999). A percolation threshold is reached when enough 
elements connect to allow fluid-flow across the entire width of the network and the 
medium becomes permeable (Zhang & Sanderson, 1998). Small basement fault-zones 
(< 1 m thick) not associated with flow could be considered isolated elements in that 
respect (Fig 6a). Further, fault or individual slip zones not associated with flow have the 
same architectural elements as those that are hydraulically conductive, which in some 
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cases, are only separated by 10’s of metres  between fault-zones (e.g. Fig 7b) and 10’s 
of centimetres within fault-zones, indicating highly variable fault and fracture density. 
The distribution of highly variable flow-rates observed in the basement tunnels 
approximates a power-law (Fig. 5b), a property of fault-fracture systems at or above the 
percolation threshold (Sanderson & Zhang, 1999).  
5. Discussion 
Within the TVZ many high temperature geothermal systems originate from Mesozoic 
basement rocks at depths > 1 km (Bibby et al., 1995) similar to those in this study and 
where bulk permeability is largely unconstrained. Previous estimates at depths > 0.5 km 
from geothermal mass transport (~10-14 m2) (Allis et al., 1993) are consistent with a 
power-law decrease with depth from near surface values detailed in this study (Fig. 9) 
(Manning & Ingebritsen, 1999). Direct measures of permeability within drill holes and 
estimates from fault-zones within the tunnels indicates that the permeability structure of 
the basement is highly variable over 4 orders of magnitude in scale (1 – 104m). 
 For many practical applications (e.g. geothermal and petroleum exploration or 
production), knowledge of the bulk permeability of a rock-mass and fault-zones is 
desirable. While many studies focus on the sealing qualities across faults (Yeilding et 
al., 1997; Walsh et al., 1998), in plane permeability of fault-zones may also provide 
important information for reservoir modelling (Manzocchi et al., 2010). Bulk in plane 
fault-zone permeabilities can be estimated using Darcy’s Law for flow through a porous 
medium: 
ܳ ൌ  െ ݇ܣሺ׏ܲሻߤܮ      ሺ1ሻ 
where flow-rate (ܳ m3/s) is dependent on the permeability (݇ m2) of the medium, the 
area (ܣ m2) of flow in the plane of observation, the hydraulic head gradient (׏ܲ Pa), the 
dynamic viscosity of the fluid (ߤ Pa s), and the length (ܮ m) the pressure differential 
occurs over. For comparison with in situ hydraulic tests, permeability is related to 
hydraulic conductivity (ܭ m/s) by: 
݇ ൌ ܭ ߤߩ݃    ሺ2ሻ 
where ߩ is the density of the fluid (kg/m3) and ݃ is the acceleration due to gravity 
(m/s2). While the highest fault-zone flow-rates are likely to be above those associated 
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with laminar flow, equations 1 and 2 provide simple first order estimations for their 
bulk permeability. 
 To estimate bulk fault-zone permeability from equation (1) I assume the 
minimum distance flow is occurring over (ܮ) is the height of topography above the 
tunnel (~100-500 m), the maximum area (ܣ) flow occurs across is the tunnel 
circumference multiplied by the tunnel distance or fault-zone thickness, and a minimum 
area (A) of flow is estimated from the engineering geological logs. At the kilometre 
scale, average flow-rates measured at tunnel portals (Hegan, 1980) both in basement 
and the Miocene sequence indicate near surface bulk permeabilities of ~1 x 10-12 m2 (1 
Darcy), the majority of which originates directly from fault-zones. Basement fault-zones 
typically comprise 5-15% of the rock-mass which suggests minimum bulk fault-zone 
permeabilities of 10-12 m2 to 10-10 m2 when flow frequency is considered. At the scale of 
individual hydraulically conductive fault-zones (0.08 to 45 m in thickness) bulk 
permeabilities are estimated at 10-12 m2  to 10-9 m2 for flow-rates of 5.7 x 10-5 m3 s-1 to 
1.3 x 10-1 m3 s-1 (high permeabilities are associated with high flow-rates). I find bulk 
permeability estimated over a wide range of scales using these simple parametres are 
consistent with those measured in situ from hydraulic conductivity tests in bore holes 
(Hancox, 1975).   
 My estimates of fault-zone permeability compare reasonably well to existing 
data. In situ hydraulic conductivities (K) measured from packer tests in basement drill 
holes (10-70 m depth range) indicate permeability (k) variations ranging over three 
orders of magnitude (10-13 to 10-10 m2) (Fig. 9). No such data is available for the 
Miocene sequence. The background permeability of near surface basement ranges 
between 10-13-10-12 m2, increasing to 10-12-10-11 m2 adjacent to fault-zones, and 10-11-10-
10 m2 within fault-zones. Variations in permeability over three orders of magnitude can 
occur over distances as small as 10 m (Hancox, 1975; Hegan, 1976). No data presently 
exists for the permeability of basement fault-gouge however other studies indicate fault-
gouges have low permeabilities (typically 10-17-10-20m2) (Evans et al., 1997; Wibberley 
& Shimamoto, 2003) which are similar to or lower than the host rock (Higgs et al., 
2012). These permeability ranges are consistent with observations made during tunnel 
excavation in basement where flows weren’t generally encountered until the clay gouge 
zones had been breached, suggesting that the flow system was compartmentalised by 
fault gouge (Hegan, 1980).  
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Scale is of fundamental importance when considering fault-zone permeability. 
Direct measurements suggest the bulk permeability structure of a fault-zone can be 
considered either heterogeneous or homogeneous dependent on the scale of observation. 
Talawani et al. (1999) present permeability variations over 2 orders of magnitude (10-15-
10-13 m2) derived from in situ hydraulic conductivities measured in boreholes 
intersecting a 1 m wide shear zone in granitic gneiss. The permeability estimated from 
same shear zone using lake level fluctuations however was more homogeneous (10-15 
m2) with respect to its hydraulic properties over time scales of days and distances of a 
kilometre (Talwani et al., 1999). In a similar situation to this study, Molinero et al. 
(2002) model groundwater inflows induced by excavation into the Äspö Hard Rock 
Laboratory. Permeabilities derived from in situ hydraulic conductivities vary by up to 5 
orders of magnitude (e.g. 10-13-10-8 m2) across fracture zones ranging in width from 5-
50 m. The geometric mean of these permeability ranges (10-15-10-12 m2), 2-5 orders of 
magnitude higher than the granitic basement (~10-17 m2), approximated values required 
to model the majority of flow-rate into the facility (Molinero et al., 2002). Core samples 
taken across the Median Tectonic Line by Wibberley & Shimamoto (2003) show 5 
orders of magnitude variation in permeability (10-21-10-15 m2 at confining pressures of 
100 MPa) over distances < 0.1 m adjacent to the primary slip zone. Over distances of a 
few hundred metres either side of the primary slip zone, where evidence for fluid-flow 
is observed, permeabilities are however on average 2-3 orders higher (10-17-10-16 m2) 
than the protolith on either side (~ 10-19 m2). These data, including this study, suggest 
that an average permeability at least 2 orders of magnitude higher than the intrinsic 
permeability of the host rock may be adequate to represent in-plane fault-zone 
permeability. 
 The prediction or location of high permeability pathways associated with fault-
zones will become increasingly important for the exploration and production of 
hydrocarbon (Manzocchi et al., 2010; Ilg et al., 2012) and geothermal systems 
(Rosenberg et al., 2009). For example, while many studies have focused on the potential 
for fault-zones to impede fluid-flow, understanding how fault-zones, and the high 
permeability pathways they contain, influence fluid migration pathways will lead to 
more focused exploration and production strategies. Many high temperature geothermal 
systems originate from basement in the central North Island where faults are likely to be 
the high permeability conduits and fluid pressure gradients are similar to those 
considered here. Taking into account the variability of fault size, orientation and flow-
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rate observed in the tunnels, and the connectivity within the rock-mass these 
components imply, flow paths at depth are likely to be highly convoluted. While active 
fault intersections and relay zones observed at the surface are a likely location for 
enhanced vertical permeability (Rowland & Sibson, 2001), the presence of pre-existing 
basement faults in orientations other than active regional trends may significantly 
influence flow pathways. While this study shows a positive correlation between fault 
size and flow-rate, not all large faults have flow and the ones that do have highly 
variable rates. If these data do approximate a fracture network near a percolation 
threshold, predicting the location and rate of flow at any given point in the system will 
be problematic. 
 
6. Conclusions 
Localised groundwater flow from tunnels at the southern end of the Taupo Rift typically 
occur from within, and at the margins of fault-zones. Fault-zones in two contrasting 
lithologies show similarities in the rate and distribution of flow. In medium-high 
porosity and permeable Miocene sandstones, localised flow occurs exclusively from 
fault-zones. In low porosity impermeable Mesozoic basement, localised flow occurs 
from within fault-rock (breccia in a clay matrix) and fractured and sheared zones within 
and adjacent to fault-rock. The rate of flow is highly variable, approximating a power-
law distribution, and occurs from less than half of all fault-zones. Fault-zone 
thicknesses also approximate power-law distributions indicating scale invariant fault-
length distributions. The orientation of fault-zones with respect to the regional stress 
show approximately equal numbers of fault-zones ≥ 1 m with and without flow both 
perpendicular and parallel to the regional Shmax direction. A general positive 
relationship is found between fault-zone thickness and maximum flow-rate whereas no 
correlation is found between these parameters and the estimated fluid pressure driving 
flow. Larger faults that are longer and/or more connected to other faults are likely to 
have higher flow-rates. The flow characteristics of basement fault-zones are similar to 
those of a fracture network close to a percolation threshold (i.e. power-law flows from 
unpredictable locations) and as such, predicting the location of highly permeable 
hydraulically conductive faults will be challenging. 
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Chapter 3 
Structural geometry and kinematics of the Taupo Rift, 
New Zealand 
Abstract  
The kinematics of the continental intra-arc Taupo Rift has been investigated mainly 
using a large catalogue of new and published focal mechanisms (N=186) and geological 
fault-slip (N=73) data. The average extension direction is approximately orthogonal to 
the average trend of the rift and its constituent faults (α=76-84°). A small amount of 
right-lateral strike-slip is also common on faults throughout the rift, accommodating a 
minor amount (<1.5 mm/yr) of the total margin-parallel plate motion. Contemporary 
crustal-scale normal faults that border the eastern rift margin are sub-parallel to the 
strike of the subducted slab and located along the crest of the mantle wedge. These 
relationships indicate that the underlying subducting plate provides a first-order control 
on the location and geometry of faulting. Fault strike and extension direction change in 
unison by up to 20º across an abandoned kinematic boundary indicating a relationship 
between fault orientation and extension direction. In the southern part of the rift normal 
faults are parallel to, and probably reactivate, Mesozoic basement fabric (e.g., faults and 
bedding). By contrast, in the northern part of the rift faults diverge from basement fabric 
by up to 55° and may have formed since rift initiation 1-2 Ma ago. Focal mechanisms 
from the northern rift indicates oblique to right lateral strike-slip on steeply dipping 
basement fabric and dip-slip on newly formed rift faults. The trend and kinematics of 
the Taupo Rift are comparable to intra-arc rifting in the Taranaki Basin and southern 
Havre Trough, suggesting that the northeast strike of the subducting plate remained 
uniform for at least 4 Ma. 
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Figure 1. Schematic models for the formation of intra- and back-arc rifts. (a) Rollback or “retreat” 
of the subduction hinge results in the seaward translation of the forearc through ‘trench suction’ 
forces resulting in extension of the overriding plate (e.g. Molnar & Atwater, 1978: Sdrolias & 
Muller, 2006). Along with seaward migration of the fore-arc, the distance of arc volcanism (blue 
and red filled circles) from the trench remains approximately constant if no change in slab dip 
occurs during rollback. (b) The torque exerted on the crustal blocks by the transition from subduc-
tion to collision causes rapid tectonic block rotations relative to the bounding tectonic plates 
(Wallace et al., 2004; 2009). In proximity to the collision point a net landward migration or 
“advance” of the trench occurs, away from the collision point the subduction hinge will either 
remain fixed (i.e. “slab anchor”) or “retreat” seaward as in (a). Refer to original publications for 
further details. 
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1. Introduction 
Intra-arc and back-arc rift systems form in response to subduction processes. At present 
our understanding of the relationship between the geometry and kinematics of 
subduction and rifting (and ultimately spreading) in the over-riding plate is incomplete. 
Many models for what is commonly referred to as back-arc extension have been 
proposed (Molnar & Atwater, 1978; Jarrard, 1986; Lallemand et al., 2005; Sdrolias & 
Muller, 2006; Wallace et al., 2009). A widely held view is that slab rollback, or the 
seaward migration of the subduction hinge, is the primary cause for over-riding plate 
extension (Fig. 1a) (Sdrolias & Muller, 2006).  Alternatively, it has been proposed that 
back-arc extension results from vertical-axis rotations arising from subduction of 
buoyant indentors (e.g. continental crust, oceanic ridges or sea mount chains), hundreds 
of kilometres from the termination of these systems (Fig. 1b) (Wallace et al., 2009). A 
prerequisite for determining the processes that produce intra- and back-arc rifts is an 
understanding of their structural geometry and kinematics. 
 In this paper the structural geometry and kinematics of the Taupo Rift and their 
relationships to subduction processes have been examined to determine what drives 
intra-arc extension. Taupo Rift is an intra-arc continental rift developed in association 
with oblique convergence along the Hikurangi margin, New Zealand (Fig. 2). It is 
located in a transition zone from oceanic-oceanic subduction to continental collision and 
transpression at the southern end of the Tonga-Kermadec-Hikurangi subduction margin 
(Walcott, 1987; Walcott, 1998). Consensus has not been reached regarding the 
underlying cause for extension of the Taupo Rift and the exceptional volcanic 
productivity associated with the spatially coincident Taupo Volcanic Zone (Stern, 1986; 
Wilson et al., 1995; Parson & Wright, 1996; Wallace et al., 2004; Reyners et al., 2006; 
Stern et al., 2006; Wilson et al., 2008). Along with vertical-axis rotation and slab 
rollback (Wallace et al., 2004; Wallace et al., 2009), models involving clockwise 
rotation of the arc, delamination of the mantle lithosphere, and uplift of the over-riding 
plate have been proposed to account for the high heat flow and apparent wedge shaped 
opening of the central North Island (Stern, 1986; Stern et al., 2006; Stern, 2009). 
Additional models, including slab rollback and/or steepening have been proposed to 
account for the easterly migration of a northeast-southwest trending arc and rift systems 
across the North Island (Brothers, 1984; Kamp, 1984; King & Thrasher, 1996; Giba et 
al., 2010). To the north of New Zealand, intra- and back-arc rifting in the Havre Trough  
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Figure 2. (a) Tectonic setting of the Taupo Rift. The Pacific plate subducts obliquely westwards 
beneath the Australian plate in the North Island, New Zealand. Clockwise rotation of the 
Hikurangi margin (HM) (blue arrows) is accommodated by intra-arc extension in Taupo Rift and 
strike-slip along the North Island Fault System (NIFS) (Wallace et al., 2004). Arc volcanoes (red 
filled circles) (Wright et al., 1993; Wilson et al., 1995; Campbell et al., 2007), Hikurangi Plateau 
(HP), Chatham Rise (CR), Taranaki Basin (TB), Junction Magnetic Anomaly (JMA), Coromandel 
Peninsula (CP), Colville Ridge (CR), Kermadec Ridge (KR), and southern Havre Trough (SHT) 
shown for reference. Relative (red arrow) and absolute (black arrow) plate motions from Beavan 
et al. (2002). Local poles of rotation for the Hikurangi margin (white and blue filled circles) from 
Wallace et al. (2012) and Kermadec Ridge (black filled circle) from Yan & Kroenke (1993). (b) 
Geology and faults of the central North Island (geology blue = ignimbrite, grey = basement) 
(faults red = active, black = inactive) (Edbrooke, 2005; Townsend et al., 2008; Lee et al., 2010; 
Leonard et al., 2012). 3D magnetulleric (MT) inversion model boundaries in (c) shown by white 
line. (c) Deep electrical resistivity structure from MT soundings (Heise et al., 2010) at the inferred 
base of the quartz-feldspathic crust (~18 km depth) beneath active rift faults (black lines) and 
caldera structures (red lines) (Wilson et al., 1995). Warm colours indicate low resistivities inter-
preted as connected melt (Heise et al., 2010).
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and Lau Basins are generally considered to be the result of changes in the Pacific slab 
geometry (dip and/or strike) relative to the stable Australian plate (Walcott, 1987; van 
der Hilst, 1995; Sdrolias & Muller, 2006).  
 In this paper I examine the kinematics of a continental intra-arc rift using fault 
and earthquake slip data together with published geodetic and stress tensors from across 
the North Island (see Table 1 for references to all data sources used in this study). I 
address three principal questions. Firstly, what are the kinematics of the Taupo Rift? 
Secondly, what factors are influencing rift kinematics? And thirdly, how are these 
factors related to processes operating at the plate-boundary scale? The structure and 
kinematics of the Taupo Rift are examined using maps of active fault traces both 
onshore and offshore, gravity, and a catalogue of published (see Table 1 for references) 
and unpublished earthquake focal mechanisms (Ristau, 2008) and geological fault-slip 
indicators (Beanland et al., 1989; Rowland & Sibson, 2001; Acocella et al., 2003). The 
kinematics of faulting show that the Taupo Rift is a predominantly orthogonal intra-arc 
rift (α = 76-84°), the location of which is coincident with the crest of the underlying 
mantle wedge and the strike of the slab, respectively. Similarities between the structural 
geometry and kinematics of intra-arc rifting in the Taranaki Basin and southern Havre 
Trough to the present day Taupo Rift indicates the driving mechanism for extension has 
been uniform for at least 4 Ma, migrating progressively southeast with time sub-parallel 
to the strike of the underlying slab. I conclude that the geometry and rollback of the 
underlying slab is exerting a first-order control on the location, structural geometry, and 
extension direction of intra-rifting in the North Island. 
 
2. Data and geological setting 
The northeast-southwest trending Taupo Rift lies within the Taupo Volcanic Zone 
(TVZ) and is located at the present southern limit of arc volcanism and rifting ~200 km 
west of the Tonga-Kermadec-Hikurangi trench in the SW Pacific in the North Island, 
New Zealand (Fig. 2) (Parson & Wright, 1996). Towards the southern termination of 
the Tonga-Kermadec-Hikurangi trench the thickness and composition of the subducting 
and over-riding plate changes. Along the Kermadec trench, normal Cretaceous oceanic 
crust of the Pacific plate is being subducted obliquely westwards beneath the active 
Kermadec, and extinct Colville, Island arcs of the Australian plate (Parson & Wright, 
1996; Downey et al., 2007; De Mets et al., 2010). Further south along the Hikurangi 
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margin, thickened oceanic crust of a large igneous province, the Hikurangi Plateau, is 
subducting beneath continental crust of the North Island (Davy & Wood, 1994; Davy et 
al., 2008; Bassett et al., 2010). At the southern end of the Hikurangi margin in the South 
Island, subduction gives way to continental collision and transpression along the Alpine 
Fault (Norris et al., 1990; Walcott, 1998).  
 The general strike of the subducting slab swings from 020-030º beneath the 
southern Havre Trough (Syracuse & Abers, 2006) to 040-050° beneath the North Island 
(chapter 5) and is accompanied by a general southward shallowing of slab dip (Ansell & 
Bannister, 1996; Barker et al., 2009; Reyners et al., 2011). Beneath the North Island the 
subducting slab is segmented with inflections of 15-20º in slab strike occurring at 
depths between 50-300 km along the Hikurangi margin (Reyners, 1983; Robinson, 
1986; Eberhart-Phillips et al., 2010). Tertiary subduction along the Hikurangi margin, a 
segment of the relict Gondwana subduction margin, commenced in the Late Eocene to 
Oligocene (~40-24 Ma) (Stock & Molnar, 1982; Walcott, 1987; King, 2000; Stagpoole 
& Nicol, 2008; Sutherland et al., 2009). Deep intra-slab earthquakes and seismic 
tomography indicate the subducted Pacific plate extends to depths of at least 600 km at 
the latitude of the Taupo Rift (Boddington et al., 2004; Li et al., 2008). The subducting 
slab steepens with increasing depth and, for a given depth, from south to north along the 
margin (Reyners et al., 2011).   
 Subduction is associated with 40-48 mm/yr of westward relative plate motion 
(273º), ~50° oblique to the strike of the underlying slab (040-050º) and arc front 
volcanism (036º)  (Fig. 2) (Beavan et al., 2002; De Mets et al., 2010). Plate convergence 
(i.e. arc-normal motion) is primarily accommodated on the subduction interface, while 
the remainder of arc-normal motion (≤ 20%) and most of the arc-parallel motion (≥ 
60%) accommodated in the overriding plate through a combination of reverse and 
strike-slip faulting, and by clockwise vertical-axis rotations of ~3°/Myr (Webb & 
Anderson, 1998; Wallace et al., 2004; Nicol & Beavan, 2003; Nicol et al., 2007; Nicol 
& Wallace, 2007). 
 The Taupo Rift and TVZ is the southern limit of arc volcanism and intra-arc 
rifting that dissects both andesitic strato-volcanoes and rhyolitic calderas along the 
length of the Kermadec-Hikurangi subduction margin (Fig. 2) (Cole et al., 1995; 
Wright, 1993; Wilson et al., 1995; Campbell et al., 2007). The locus of active rifting 
transitions southward from a back-arc position in the intra-oceanic Havre Trough to an 
intra-arc position in the continental North Island (Wright, 1992) (Fig. 2). The rift is the 
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present location of intra-arc extension within the North Island where the crust has 
thinned by approximately half (thickness ~16 km) (Davey et al., 1995; Stern et al., 
2006). Prior to the development of the TVZ and Taupo Rift around ~ 2 Ma (Houghton 
et al., 1995; Wilson et al., 1995; Briggs et al., 2005), arc volcanism and intra-arc rifting 
was located 100-150 km to the northwest in the Taranaki Basin and Coromandel 
Peninsula (Adams et al., 1994; King & Thrasher, 1996; Booden et al., 2010; Giba et al., 
2010).  Rates of extension measured by GPS and Late Quaternary fault displacements 
decrease southwards along the Taupo Rift from 13-19 mm/yr in the offshore Bay of 
Plenty to ≤ 5 mm/yr towards the southern limit of rifting (Villamor & Berryman, 2001; 
Wallace et al., 2004; Lamarche et al., 2006; Villamor & Berryman, 2006; Begg & 
Mouslopoulou, 2010). Active volcanism and rifting over the last ~0.5 Myr has occurred 
along a northeast-southwest trending 15-20 km wide zone variously referred to as the 
modern TVZ (Wilson et al., 1995; Leonard et al., 2011) and Taupo Rift (Nicol et al., 
2006; Villamor & Berryman, 2006).  
 Volcanism in the modern TVZ (referred to hereafter at the TVZ) has been 
divided into three segments along its length: a central segment dominated by explosive 
rhyolitic caldera forming volcanic centres bounded to the north and south by regions 
containing andesite-dacite strato-volcanoes (Fig. 3) (Wilson et al., 1995). The central 
rhyolitic region is presently the most frequently active and most productive silicic 
volcanic systems on Earth producing an estimated ≥ 6000 km3 of magma at rates of 3.8-
12.8 km3/kyr (Wilson et al., 2008). The central region has high heat flows (700 mW/m3) 
through numerous high temperature geothermal systems coincident, and to the east of, 
active rift faults (Bibby et al., 1995). Recently active rhyolitic calderas (Taupo and 
Okataina) are coincident with the active rift (Wilson et al., 1984; Nairn, 2002). A 
plume-like structure of high conductivity, derived from magnetotelluric soundings and 
interpreted as an interconnected melt zone, rises from >35 km depth beneath the axis of 
the rift (Fig. 2) (Heise et al., 2010). Seismic activity associated with extension along the 
Taupo Rift indicates the depth to the brittle-ductile transition is 7-9 km in the central 
rhyolitic region which increases to 10-15 km to the north and south (Bibby et al., 1995; 
Hurst & McGinty, 1999).  
 Earthquake swarms are typical of seismicity in the Taupo Rift (Bibby et al., 
1995; Hurst et al., 2008). The Matata earthquake sequence (Hurst et al., 2008; 
Mouslopoulou & Hristopulos, 2011), for example, occurred along the Rurima Ridge 
and coastal region in the northern onshore TVZ over a period of 49 months (January 
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2005 to January 2009) and comprised 2083 earthquakes ML 2.3- 4.7 recorded by the 
national seismic network (www.GeoNet.org.nz) and two portable seismograms. Here, 
relocated hypocentres (by S. Bannister of GNS Science) delineate a detailed image of 
the sub-surface fault structure where the spatial and temporal characteristics of the 
earthquake sequence are interpreted as tectonic in origin (Mouslopoulou & Hristopulos, 
2011). Recent large earthquakes (> M 6) occurring in the same region show 
predominantly normal faulting focal mechanisms (Webb & Anderson, 1998) as do the 
majority of geological fault-slip indicators (Beanland et al., 1989; Rowland & Sibson, 
2001; Acocella et al., 2003).  This study focuses on faulting processes that have 
occurred in the Taupo Rift over the last 0.3 Myr and predominantly over the last 60 kyr. 
Although rifting and volcanism are broadly coincident in space and time, outside the 
main active volcanic centres faulting is primarily tectonic and not driven by volcanism 
(Nicol et al., 2006; Seebeck & Nicol, 2009; Mouslopoulou & Hristopulos, 2011). 
 
3. Geometry of Rifting 
Taupo Rift faults active over the last 0.3 Myr define a 15-20 km wide northeast trending 
zone extending ~300 km from the southern limit of arc volcanism to the North Island 
continental margin in the Bay of Plenty (Fig. 3). The rift is predominantly asymmetric 
with the largest fault displacements observed along the eastern rift margins. Quaternary 
extension rates are highest on active eastern rift border faults and diminish westwards 
across the rift (Villamor & Berryman, 2001; Lamarche et al., 2006; Mouslopoulou et 
al., 2008; Begg & Mouslopoulou, 2010), consistent with displacement patterns over the 
last ~1.6 Ma observed in a regional seismic-reflection line (Davey et al., 1995). These 
eastern rift border faults, the ~045º trending Paeroa Fault and ~041º trending White 
Island Fault (Fig. 3a), are the longest continuous structures in the rift at ~30-40 km in 
length (i.e. approximate thickness of pre-rift crust) (Villamor & Berryman, 2001; 
Bannister et al., 2004; Lamarche et al., 2006). These two large faults are parallel to an 
interpretation of the rift axes defined by changes in fault dip direction onshore (Fig. 3 
and 4), and are parallel to the strike of the underlying subducting plate (chapter 5). The 
longest fault towards the southern termination of the rift, the ~025º trending Waihi 
Fault, is slightly oblique to the underlying slab (~20º). The steep dips of normal faults 
observed at the surface (≥ 70º) are inferred to shallow to more moderate dips (≥ 50º) at 
seismogenic depths (Villamor & Berryman, 2001).  
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Figure 3. Taupo Rift geometry and kinematics. (a) Active rift faults with colours showing dip 
direction (red lines = east, blue lines = west), faults outside the rift shown in light grey. Active 
rhyolitic calderas (Taupo and Okataina) (thick orange lines) and vents of the AD 1886 Tarawera 
basaltic dike (black filled circles) also shown (Davy & Caldwell, 1998; Nairn, 2002). NIFS = 
North Island Fault System.  Dominant volcanic compositions from Wilson et al. (1995). (b) Kine-
matic extension directions from focal mechanisms (red arrows) and geological fault-slip data 
(blue arrows), see text for references. Measured location at foot of arrow. (c) Rose diagrams 
summarise fault orientations for each 50 km section (black fill fault trends and white fill fault dip 
direction). Red and blue filled circles show trend and plunge of extension directions on lower 
hemisphere equal area stereonet for focal mechanisms and geological fault-slip data, respectively.
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 The geometry of the rift is defined by GNS Science Active Faults database, 
supplemented by re-examination of aerial photographs (1:25 000 and 1:17 000 scale) 
and published geological maps (Fig. 3) (Villamor & Berryman, 2001; Nairn, 2002; 
Lamarche et al., 2006; Nicol et al., 2006; Townsend et al., 2008; Lee et al., 2010; 
Leonard et al., 2011). Active fault traces onshore have been confirmed by extensive 
paleoearthquake studies of displaced dated volcanic and fluvial surfaces typically ≤ 60 
ka in age (Villamor & Berryman, 2001; Nicol et al., 2006; Berryman et al., 2010; Begg 
& Mouslopoulou, 2010; Nicol et al., 2010). These displaced surfaces range in age up to 
0.36 Ma toward the active rift boundaries and < 20 ka towards the rift axes (Villamor & 
Berryman, 2001; Nicol et al., 2006). Offshore, active fault traces have been identified 
by seafloor scarps and displacements of a < 20 ka post-last glacial ravinement surface 
through a network of seismic-reflection lines and multibeam bathymetry (Lamarche et 
al., 2006). This study utilised these offshore and onshore data on the location and 
geometry of faulting which have been augmented by residual gravity data along the 
onshore rift axis (Stagpoole & Bibby, 1999; Stagpoole et al., 2005; Mouslopoulou et al., 
2008; Seebeck et al., 2010)  (New Zealand Gravity Station Network, This study). 
 To capture the local variability in fault trend along strike of the Taupo Rift the 
orientation of individual active traces have been measured within 1 km2 regions in a 
grid aligned parallel to the regional trend of arc front volcanism and underlying slab 
(040°). Previous interpretations averaged faults in regions determined by inferences 
about rift structure and segmentation (Rowland & Sibson, 2001; Acocella et al., 2003).  
Our method allows the fault orientation measured across and along the rift to be treated 
as a continuous function from which kinematic boundaries within the rift can be 
determined. Surface trace orientations within 1 km2 sample regions are weighted 
equally resulting in larger faults being sampled proportionally more often due to their 
greater lengths. High densities of short (e.g. 1-4 km) segmented faults are generally 
observed in young volcanic and fluvial surfaces (i.e. towards the rift axes) whereas long 
continuous (e.g. 20-30 km) faults are more typical of older volcanic surfaces and/or 
where basement is relatively shallow (i.e. towards the rift shoulders). Fault-trace 
orientation have variations of ± 10-20° (1σ) across 1 km wide rift normal sections 
(minimum 5 fault traces) and mean variations of ± 7° (1σ) between adjacent along strike 
1 km wide rift normal sections. For comparison, the same method applied to scaled 
models of rifting by McClay et al. (2002) show variability in rift normal fault 
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orientation associated with orthogonal and oblique extension averages ± 7-11° (1σ) and 
± 10-14° (1σ) respectively.  
 The regional trend of active fault-traces is 047 ± 23º, where 69% of the fault 
data come from distances of 150-300 km along strike (Table 1), and is sub-parallel to 
the strike of the underlying slab (040-050º) (Reyners et al., 2006; Eberhart-Phillips et 
al., 2010). Fault trends averaged along 25-50 km segments show a general northward 
swing in mean fault trend from 035º to 054º (Fig. 3 and Table 1). Systematic variations 
in mean fault trend of ~10º over wavelengths of ~20 km occur along the active rift, with 
the largest change of ~20º occurring  immediately south of the Okataina Volcanic 
Centre between 150-165 km along strike distance (Fig. 3). This swing in mean fault 
trend is accommodated by the inter-fingering of two dominant fault sets (030-040º and 
050-060º) (Fig. 3) which are parallel to negative residual gravity contours (-40—50 
mGal) representing basement structure at depths of 2-3 km (Fig. 4) (Seebeck et al., 
2010) (see Appendix 1 for gravity methods and data). This change in mean fault 
orientation is approximately coincident with a ~25º rotation in the trend of basement 
structures and fabric observed across the North Island (Nicol et al., 2007). This rotation 
axis marked an important kinematic boundary prior to the development of the Taupo 
Rift (Nicol & Wallace, 2007) and is discussed further in section 5 of this chapter. For 
the purposes of this paper, I divide the Taupo Rift into southern and northern sections at 
this rotation boundary where mean fault and basement trends change (Fig. 3). This 
location also marks important changes in rift kinematics discussed in the next section. 
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Figure 4. Volcano-tectonic summary of the Taupo Rift superimposed on residual gravity. Due to 
the high density contrast between volcanic infill and basement, residual gravity highlights struc-
tural depressions (black lines = active rift border faults, red lines = rift axes) and rhyolitic calderas  
where warm colours represent basement at depths of > 2 km and cool colours for near surface 
basement and grey shading for Mesozoic basement. See appendix 1 for methods and references. 
Offshore faults from Wright (1992) and Lamarche et al. (2006). Alignments of volcanic vents 
(black filled circles = basalt, red filled circles = andesite and dacite, blue filled circles = rhyolite) 
are generally parallel to active rift boundaries (Townsend et al., 2008; Leonard et al. 2010; Lee et 
al. 2012). Composite TVZ focal mechanisms detailed in Table 1. RMT focal mechanisms from 
Ristau (2008). Kinematic axes of the North Island Fault System from Mouslopoulou et al. (2007). 
Geodetic extensional strain directions (black arrows) from Beavan et al. (2007); size of arrows 
proportional to magnitude of extension. Central Volcanic Region (CVR) boundaries (black 
dashed line) from Stern et al. (2006). Rotation boundary from Nicol et al. (2007) (white dashed 
line) represents ca. 25° bend in the steeply dipping basement fabric which is shown by rose 
diagrams plotting basement bedding (Edbrook et al., 2005; Townsend et al., 2008; Lee et al, 2010; 
Leonard et al., 2012).
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FM White Island (250-300 km)
FM northern TR (150-250 km)
FM southern TR (0-150 km)
 FM TR (0-250 km)
 FS TR (0-230 km)
 FS Taranaki Basin (2-4 Ma)
Figure 5. Taupo Rift (TR) earthquake kinematics. Shortening (P) (white filled circles) and exten-
sion (T) (black filled circles) axes from earthquake focal mechanisms (FM) and geological fault-
slip (FS) data shown on lower hemisphere equal area stereonets. See text for references. Larger 
symbols associated with MW 6.5 Edgecumbe earthquake. Red symbols in northern Taupo Rift are 
associated with the Matata sequence shown in Fig. 9. White Island data representing oblique- 
strike-slip faulting has been excluded from Taupo Rift compilation as not presently representative 
of normal faulting further south and is discussed further in the text. Fault slip data from the 
Taranaki Basin representing faulting in the western North Island 2-4 Ma ago (Giba et al., 2010) 
for comparison with present day Taupo Rift.
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4. Kinematics of Rifting 
Faults at the ground surface in the Taupo Rift have predominantly normal dip-slip 
(Beanland et al., 1989; Villamor & Berryman, 2001; Rowland & Sibson, 2001; 
Acocella et al., 2003). Many studies have concluded that the TVZ accommodates a 
component of strike-slip either as oblique-slip vectors on normal faults or partitioned 
onto strike-slip faults and volcanic intrusions (Nairn & Cole, 1981; Smith & Webb, 
1986; Webb & Anderson, 1998; Acocella et al., 2003; Lamarche et al., 2006). In order 
to constrain better the kinematics of rifting, I have collated kinematic indicators from 
earthquake focal mechanisms and geological field studies from 300 km along the active 
rift. 
 All kinematic axes and sources of data used in this study can be found in Table 1 
and Fig. 5. Kinematic data are from unpublished Regional Moment Tensor (RMT) focal 
mechanisms (N = 94) calculated using local network data for earthquakes ≥ MW 3.4 in 
New Zealand since 2004 (Ristau, 2008) and published focal mechanisms (N = 124) 
from 1977 to 2008 which are generally comparable to RMT solutions (Fig. 5) 
(Anderson & Webb, 1989; Richardson, 1989; Robinson, 1989; Hurst & McGinty, 1999; 
Hayes et al., 2004; Hurst et al., 2002; Hurst et al., 2008; Reyners, 2010). In the northern 
Taupo Rift the 3-9 km depth of earthquakes contrasts to the 11-35 km depth at the 
southern termination of the rift. Earthquake focal mechanism slip data have been 
augmented by surficial fault-slip data (N = 79) from offset landforms and fault-plane 
striae (Beanland et al., 1989; Rowland & Sibson, 2001; Acocella et al., 2003) (refer to 
the original publications for methods) and unpublished data from this study reduced to 
kinematic strain axes (i.e. P and T axes) using the method of Marrett & Allmendinger 
(1990) (Fig. 5). For comparison with rifting to the west of the Taupo Rift in the 
Taranaki Basin I use fault-striation data similarly reduced to kinematic axes collected 
along the Taranaki coast by Giba et al. (2010) (Fig. 5). Taupo Rift fault data are 
sampled from layered pyroclastic deposits younger than 0.3 Ma, while some slip data 
were recorded from active faults that accrued slip in the last 10 kyr. The majority of 
kinematic data come from the northern Taupo Rift, a region that straddles the boundary 
between central rhyolitic and andesitic volcanic regions (Wilson et al., 1995) (Fig 3.) 
and the intersection with the strike-slip faults of the North Island Fault System (NIFS) 
(150-250 km along strike distance) (Mouslopoulou et al., 2007) (Fig. 3b). Visible 
surface fault traces are considered to represent the accumulated displacement of  
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Figure 6. (a) Relationships between fault geometry, slip vector or rake, and  kinematic axes (after 
Marrett & Allmendinger, 1999). Shortening and extension kinematic axes (in lower hemisphere 
stereographic projection) derived from geologic data (e.g. striae or slickenlines) are equivalent to 
P and T axes from focal mechanism solutions . Illustration of fault kinematics with uniform exten-
sion axes where the shortening axes changes from vertical (normal faulting) to horizontal (strike-
slip faulting). (b) 1987 MW 6.5 Edgecumbe earthquake. Focal mechanism solution at ~8 km depth 
(Anderson & Webb, 1989) compared to that derived from the surface rupture (Beanland et al., 
1989) showing equivalent horizontal extension directions (T axes). (c) Map of the Edgecumbe 
earthquake surface rupture and slip vectors calculated from offset cultural markers (Beanland et 
al., 1989)
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Figure 7. Extension direction frequency histograms for the Taupo Rift. (a) Focal mechanism T 
axes fom the southern Taupo Rift. (b) Focal mechanism T axes from the northern Taupo Rift. (c) 
Extension directions derived from fault kinematic data (Beanland et al., 1989; Rowland & Sibson, 
2001; Acocella et al., 2003) from central-northern Taupo Rift. See Fig. 3 for locations of focal 
mechanism and geological fault-slip data. Mean extension direction calculated from directions 
approximately normal to fault trends (i.e. 90-180°) with the number of data used in brackets. (d) 
Focal Mechanism extension directions relative to mean fault strike along the rift. (e) Surface fault 
extension directions relative to mean fault strike along the rift.
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earthquakes ≥ M 6 (Villamor & Berryman, 2001) and place constraints on the long-term 
(thousands to hundreds of thousands of years) regional strain orientation. 
 To determine the direction of principal horizontal extension (which I will simply 
refer to as the extension direction) in the Taupo Rift, I examine extension axes 
orientations from earthquake focal mechanisms and geological data. The kinematic axes 
of the incremental strain tensor for a fault lie in the “slip plane” containing the slip 
vector and the pole to the fault-plane, and makes angles of 45º with each of these 
vectors (Fig. 6) (Marrett & Allmendinger, 1990). Kinematic axes are an alternative 
representation of the original fault-slip vector and are equivalent to focal mechanism P 
and T axes (Marrett & Allmendinger, 1990) and, as such, I use these terms 
interchangeably. Detailed studies of the 1987 MW 6.5 Edgecumbe earthquake show the 
consistency between kinematic axes estimated from focal mechanism and field data 
(Fig. 6) as do previous studies from other localities (Anderson & Webb, 1989; Beanland 
et al., 1989; Marrett & Allmendinger, 1990). The similar extension direction 
distributions for focal mechanisms (i.e. small faults or small slip earthquakes, < 1 m) 
and geological observations (large earthquakes or slip during surface rupturing events, > 
1 m) indicate that the slip and extension data are scale invariant (Table 1). This is 
further supported by comparison of strain axes for MW 3-4 earthquakes (e.g. N = 30) 
from the Matata region and those derived for the MW 6.5 Edgecumbe earthquake (Table 
1). 
 
 4.1 Regional Extension directions 
Extension axes from northern Taupo Rift earthquakes consistent over a magnitude range 
3.5-6.5 for a twenty year period (Table 1). Mean extension (T) axes for the Matata 
sequence MW 3.4- 4.7 (N =28) (142 ± 8º) show a near identical extension direction to 
the fault-plane solutions for MW 6.5 Edgecumbe earthquake (144 ± 10º) and MW 2.9-4.0 
earthquakes associated with its aftershock sequence (148 ± 22º) (Table 1 and Fig. 5). 
This extension direction is also parallel to that inferred for the Tarawera basaltic dike 
intrusion (147º) in AD 1886 that erupted along a 17 km fissure system in the Okataina 
Volcanic Centre 50 km to the southeast of Matata (Fig. 3) (Nairn & Cole, 1981; 
Rowland & Sibson, 2001). Further, the girdle formed by the variability of P axis 
orientations in the Matata and Edgecumbe earthquake aftershock sequences contain the 
principal horizontal shortening axis (237-239º) (refer Fig. 5) which is parallel to the 
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central graben faults (055-061º) (Beanland et al., 1989; Lamarche et al., 2006; Begg & 
Mouslopoulou, 2010) and the trend of the AD1886 basaltic dike (057º) (Nairn & Cole, 
1981). 
 On a regional scale, the extension direction is approximately normal to the rift. 
The frequency of extension directions between 090-180º (i.e. approximately normal to 
the rift) are comparable between earthquake and geological data showing mean 
azimuths of 143 ± 19º (1σ) and 138 ± 19º (1σ) respectively (Fig. 7). These extension 
directions are comparable to the average of 135 ± 7º (1σ) derived from regional GPS 
(Beavan et al., 2007). The average extension direction for the active rift from all 
earthquake data is comparable to the eigenvector representing the extension axis for all 
northern Taupo Rift earthquakes (143º) (Table 1). Towards the southern termination of 
the Taupo Rift (0-50 km along strike distance) the mean extension direction of 122 ± 
16º (1σ) is consistent with an counter-clockwise swing in the mean fault trend (Fig. 7). 
The few kinematic data that occur between distances of 50-150 km along the rift 
indicate an extension direction predominantly orthogonal to mean fault orientation 
(Table 1 and Fig. 3b). I use the eigenvectors (maximum eigenvalues) detailed in Table 1 
to represent mean kinematic extension (T) and shortening (P) axes from this point.   
 The obliquity of the extension direction to the rift boundary determines the 
pattern of faulting (the orientation, linkage and interaction of fault segments) 
accommodating biaxial (orthogonal rifting) or triaxial (oblique rifting) strain (McClay 
& White, 1995; Dewey et al., 2008). Consistent with previous studies along the TVZ 
and southern Havre Trough (Lamarche et al., 2006; Campbell et al., 2007), the obliquity 
of rifting is defined by the angle α between the eastern active rift boundary and the 
extension direction: α = 90º corresponds to pure orthogonal extension; α < 90º 
(clockwise direction) corresponds to a component of right lateral shear and α > 90º 
(counter-clockwise direction) corresponds to a component of left-lateral shear (Fig. 8).  
 For a mean Taupo Rift fault trend of 047º with a mean extension direction of 
143º, the mean obliquity is α = 84º (Fig. 8) indicating predominantly orthogonal 
extension with a minor component of right-lateral strike-slip (6º clockwise from mean 
down dip direction). If the extension direction with respect to arc front is considered 
(representing the crest of the mantle wedge), the obliquity is α = 76º. The obliquity 
between the mean fault trend and the extension direction from focal mechanisms at a 
given distance along the rift also show predominantly normal extension (mean α = 87 ±  
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Figure 8. Style of Taupo Rift extension. The relationship between normal fault strike and 
extension direction in the Taupo Rift (a) in comparison with (b) orthogonal extension, α 
= 90º and (c) moderately oblique extension α = 70º. 
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24º) with minor right lateral strike-slip (Fig. 7). Active eastern border faults have α = 
78-82º to the mean extension direction (143º) (along strike distance 145-275 km). The 
largest fault in southern Taupo Rift, the Waihi Fault, is approximately normal to the 
extension directions of recent nearby Mw 4.2-4.4 earthquakes (α = 80-84º) (Fig. 4). The 
unweighted geological fault data and GPS inversion (Beavan et al., 2007) shows similar 
results with mean values of α = 80 ± 26º and 91 ± 7º, respectively. Extension direction 
frequency distributions show a minor dextral component is a feature of both data sets 
(e.g. mode α = 77º and 67º for earthquake and geological data respectively), however, 
given that the majority of extension directions are within 20º of the mean fault dip 
direction (81% and 62% for earthquake and geological data respectively) (refer Fig. 7), 
the faults are considered to be predominantly dip-slip.  
 Changes of up to 15-20º can occur in the extension direction along strike over 
distances < 50 km (Table 1). Along with these small variations in extension direction, 
larger variations (i.e. up to 90º) occur in the trend of the shortening direction, changing 
the faulting style from predominantly normal to strike-slip to varying degrees in both 
northern and southern Taupo Rift (Fig. 5). The resulting variation in the plunge of the 
shortening axes typically occur about a girdle normal to the extension direction and 
contains the direction of maximum horizontal shortening which is parallel with mean 
fault trends. Previous interpretations of small earthquakes with strike-slip mechanisms 
in the Taupo Rift (Smith & Webb, 1986) involved a model with a complex array of 
faults similar that proposed by Hill (1977). In this model, en echelon dip-slip normal 
faults striking parallel to principal shortening direction and/or Shmax are linked via 
obliquely trending strike-slip faults. The spatial distribution and focal mechanisms of 
earthquakes associated with the Matata sequence (Fig. 9) shows that a model involving 
a complex array of faults is appropriate.  
 Despite evidence to suggest that fault-slip directions change locally, the 
kinematic data do not appear to support suggestions that the rift can be divided into 
orthogonal and obliquely extending segments with different extension directions as 
proposed by Acocella et al. (2003). Changes in mean fault strike occur in unison with 
changes in the extension direction which results in predominantly normal faulting along 
strike (refer Fig. 7). The consistency of the extension direction in the offshore Bay of 
Plenty and northern onshore Taupo Rift through the Okataina Volcanic Centre show 
that significant changes in extension direction (or fault trend) do not occur across  
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Figure 9.Focal mechanisms and relocated seismicity associated with the Matata earthquake 
sequence. Relocated seismicity (2007-2009) (grey filled circles) and RMT focal mechanism 
solutions (2005-2010) (red filled circles) (Ristau, 2008) from the Rurima Ridge. Mapped active 
faults (grey lines) from Begg & Mouslopoulou (2010) onshore and Lamarche et al. (2006) 
offshore. 1987 MW 6.5 Edgecumbe earthquake focal mechanism and location (black filled circle) 
from Anderson & Webb (1989). 
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previously inferred segment boundaries (Acocella et al., 2003), between predominantly 
rhyolitic and andesitic segments (Spinks et al., 2005), or the intersection with the active 
NIFS (Mouslopoulou et al., 2007). Future models accounting for variation in the 
structure and evolution of the Taupo Rift, and possibly the style and productivity of 
volcanism in the TVZ, will be constrained by the kinematics presented here. In the 
following section I examine variations in the kinematics of the rift to identify first and 
second-order controls on extension along the Hikurangi subduction margin. 
  
 4.2 Influence of basement 
Within the northern Taupo Rift faulting varies from normal to strike-slip for a uniform 
extension direction (Fig. 5). While the shortening axes of the Matata earthquake 
sequence, and other earthquakes from the region, are predominantly vertical and 
consistent with surface fault trace data, approximately half have sub-horizontal to 
moderately plunging P axes (< 60º) representative of oblique- strike-slip earthquakes on 
steeply dipping north-south or east-west fault-planes (Fig. 9). Strike-slip focal 
mechanisms occur in the source region of the MW 6.5 Edgecumbe normal faulting 
earthquake across to the Rurima Ridge, on the western margin of the active rift. Focal 
mechanisms and surface fault-trace in this region show that strike-slip and normal faults 
coexist in the same rock volume which is in contrast to present models for oblique 
extension (Dewey et al., 2008). Toward White Island strato-volcano oblique- strike-slip 
earthquakes are the predominant style of faulting (Fig. 5, see Fig. 3 for location).   
 Comparison between focal mechanism fault-plane solutions, faults (of unknown 
age) and fabric orientations in basement from the Matata region are consistent with two 
predominant orientations of faults, one parallel with the observed northeast-southwest 
strike of normal faults at the surface and the second consistent with strike-slip faulting 
along a north-south trending basement fabric parallel trend (Fig. 10). The continental 
crust of the North Island is comprised of a steeply dipping imbricate tectono-
stratigraphic assemblage of alternating indurated sandstone and argillite units 
(Mortimer, 2004) which trends north-south in the Matata region (Leonard et al., 2011). 
The inferred basement controls on strike-slip is consistent with slip on steeply dipping 
bedding planes exposed along the Bay of Plenty coastline (Fig. 10). It is inferred that 
earthquakes near White Island, directly north of the dextral strike-slip North Island 
Fault System, indicate steeply north-south basement fabric is presently being reactivated  
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Figure 10. Equal area lower hemisphere density distributions for poles to basement faulting in the 
northern Taupo Rift. (a) Fault planes from Matata earthquake focal mechanisms have three 
predominant strikes (see Fig. 9 for data); moderately dipping NE-SW Taupo Rift strikes, and 
steeply dipping N-S and E-W strikes. (b) Greywacke basement bedding fabric in outcrop on the 
eastern rift margin and NIFS has a steeply dipping N-S strike. Bedding measurements from Leon-
ard et al. (2012). (c) Greywacke basement faults  measured in outcrop on the eastern rift margin 
at the Bay of Plenty coast (see Fig. 3 for location) have two dominant strikes, NE-SW rift faults 
that cut across basement fabric (TR) and N-S bedding parallel faults (BF).
N = 139
Greywacke basement faults
TR
BF
BF
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to accommodate a component of margin parallel motion (the amount of which is 
presently undetermined). 
 The trend of basement fabric could influence fault strike and extension direction 
at the scale of the rift. The 15-20º rotation in trends of rift faults and extension direction 
at 150-165 km along strike distance is coincident with a vertical-axis rotation boundary 
trending approximately east-west across the central North Island where a clockwise ca. 
25º bend occurs in the basement fabric and Miocene to active faults (i.e. Taranaki Fault 
and NIFS) (refer Fig. 4) (Nicol et al., 2007). To account for the change in trend of the 
rift and extension direction south of this rotation boundary I propose that the rift is 
utilizing pre-existing basement structure. To the north of the rotation boundary, new 
faults formed at high angles to basement fabric (~55º) and normal to the extension 
direction with minor strike-slip on basement fabric (Fig. 4). South of the rotation 
boundary rifting is parallel to basement fabric and may reactivate a boundary/suture 
between two tectono-stratigraphic greywacke terranes (Beetham & Watters, 1985; 
Mortimer, 2004) which is parallel to the basement terranes and bedding either side of 
the rift (Fig. 4). Both the rift trend and extension direction in the southern Taupo Rift 
are rotated 10-20º anticlockwise of their orientations north of the rotation boundary 
(Table 1). These rotations are attributed to weak basement anisotropy in the south. 
 The notion that stress and strain field may be influenced by pre-existing strength 
anisotropy is supported by previous work (Bell, 1996; Amadei & Stephansson, 1997; 
Morley, 2010). For simple cases, changes in the geomechanical properties (e.g. strength 
anisotropy, competency contrasts, and variations in elastic properties) of rocks can 
affect the orientation of stresses in the following way: where the strength anisotropy is 
weak the maximum principal stress will trend sub-parallel to strength anisotropy, where 
the strength anisotropy is relatively strong the maximum principal stress will deflect 
sub-normal to the strength anisotropy (Fig. 11) (Bell, 1996; Morley, 2010). These 
studies support the hypothesis that 15-20º variations in extension direction observed 
along strike of the Taupo Rift to the Ngatoro Basin (Table 1) are attributed to the 
orientation of steeply dipping anisotropic basement fabric with respect to the regional 
extension direction. The main implication of stress deflections by pre-existing fabric is 
that extensional fault trends oblique to the regional extensional direction, which in some 
cases are assumed to exhibit a component of oblique-slip (Acocella et al., 2003) may 
actually be approximately pure dip-slip as I have shown (Morley, 2010).  
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 Another somewhat speculative possibility is that variations in rift trend are 
controlled by second-order variation in the strike of the subducting slab. Examination of 
Benioff zone seismicity relocated with the 3D velocity model of New Zealand beneath 
the North Island (Eberhart-Phillips et al., 2010) support previous interpretations that the 
subducting slab is divided into 100-200 km long variably oriented (030º to 050º) 
segments (Fig. 12) (Reyners, 1983; Robinson, 1986). Beneath the Havre Trough the 
subducting slab is only presently constrained to a first-order (Syracuse & Abers, 2006) 
and it is unclear whether the slab beneath this region is also segmented. If extension in 
the overriding plate is directly related to the geometry of the subducting slab, the 
oblique subduction of variably striking slab segments could account for the 15-20º 
variability in fault trends and extension directions observed at the surface. Testing this 
hypothesis will require that the geometry of the slab more precisely defined than is 
presently the case. 
 
5. Subduction controls on Extension 
Models for overriding plate extension in a convergent margin setting include rollback of 
the subduction hinge (slab rollback model) and/or vertical-axis rotations of fore-arc 
micro-plates (collision model) (refer Fig. 1). Slab rollback (or the seaward migration of 
the subduction hinge) causes upper plate extension by the negative buoyancy and 
gravitational instability of the subducting slab as it founders and sinks into the 
underlying asthenosphere (Molnar & Atwater, 1978; Sdrolias & Muller, 2006). Several 
studies have concluded that extension in the overriding plate associated with subduction 
correlates strongly with absolute motion of the overriding plate away from the trench 
where the age of the subducting lithosphere is > 55 Ma (Jarrard, 1986; Heuret & 
Lallemand, 2005; Lallemand et al., 2005; Sdrolias & Muller, 2006). In the North Island, 
the absolute motion of the Australian plate has been away from the Pacific plate (in a 
hotspot reference frame or relative to Antarctica) from at least 20 Ma (chapter 6) 
(Sdrolias & Muller, 2006), which would be consistent with extension being driven by 
rollback.  
 Vertical-axis rotations of the fore-arc induced by the nearby collision of a 
buoyant indentor with the margin can also result in overriding plate extension (Fig. 1) 
(Wallace et al., 2009). In the collision model extension arises because the indentor 
locally inhibits subduction and imposes a torque on the overriding plate which produces 
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Figure 11. Summary of strain orientations along the Taupo Rift. (a) Shortening directions relative 
to mean fault trends, strike of the subducting slab and the alignment of arc front volcanoes. (b) 
Extension directions relative to the mean dip direction of rift faults and the underlying subducting 
slab. Note rollback model points associated with rollback of a ~026º striking slab beneath the 
Kermadec arc (Yan & Kroenke, 1993), arrows show the inferred extension direction expected 
with the slab rolling parallel to its dip direction beneath Taupo Rift. See text for methods and 
references associated with collision and rollback models. (c) Schematic illustration of the deflec-
tion of the maximum horizontal stress direction (Shmax) by sub-vertical elastic moduli contrasts 
(after Bell, 1996; Morley, 2010). Refer to Table 1 for data and references of stress and strain 
orientation. See Fig. 4 for location of rotation boundary relative to strike of basement fabric and 
Appendix Fig. 3 for stress and strain data locations. 
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vertical-axis rotations and extension (Wallace et al., 2009). It is worth noting that the 
two models generally use data from contrasting locations along subduction zones. The 
majority of global compilations of subduction zone parameters and overriding plate 
extension exclude, for example, locations where collision of anomalous crust is 
occurring (Lallemand et al., 2005; Sdrolias & Muller, 2006).  
 At present, fore-arc microplates of the eastern North Island are rotating relative 
to the subducting Pacific plate about poles of rotation adjacent to the collision point 
between the unsubductable Chatham Rise and Australian plate in the South Island (Fig. 
2) (Wallace et al., 2004). The detailed kinematics of Taupo Rift extension reflect the 
relative motion between microplates of the North Island fore-arc and the Australian 
plate which are determined by two main factors: (1) the relative motion between the 
Pacific and Australian plates, determined by larger-scale plate tectonic processes and (2) 
the relative motion between the eastern North Island and the Pacific plate, dictated by 
the changing subduction zone boundary conditions (e.g. increases in interplate coupling 
and decreases in subduction rate) near the collision point (Wallace et al., 2004). The 
rollback of the Pacific plate subduction hinge relative to a stable Australian plate along 
the Tonga-Kermadec trench may also induce the migration of the forearc relative to the 
stable overriding plate through “trench suction” forces whereby the forearc maintains its 
position relative to the trench resulting in intra- and back-arc extension (Sdrolias & 
Muller, 2006; Wallace et al., 2009). The “collision resistance” of the thickened oceanic 
crust of the Hikurangi Plateau and continental crust of the Chatham Rise combine with 
“trench suction” forces associated with slab rollback to effectively exert a torque on the 
eastern North Island causing it to rotate about a nearby axis (refer Fig. 2) (Wallace et 
al., 2004). The spatial distribution of these forces along the Hikurangi margin in relation 
to extension in the overriding plate are unclear. 
 The extension direction along the Taupo Rift predicted by slab rollback and 
vertical-axis rotations of fore-arc micro-plates differ by 20-40º (Fig. 11b). Extension 
directions for these models have been compared with the extension direction derived 
from earthquake data to constrain better the dominant process responsible for rifting. 
The extension direction was estimated assuming rollback normal to the strike of the 
slab. The orientation and rate of extension associated with a rollback model along the 
southern Havre Trough-Taupo Rift is based on restoration of the eastern Havre 
Trough/Kermadec Ridge towards the Colville Ridge over the last 1.8 Ma by Yan & 
Kroenke (1993) using magnetic anomalies from Malahoff et al. (1982). The finite pole 
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 of rotation closing the southern Havre Trough with respect to the North Island 
calculated by Yan & Kroenke (1993) lies in the central of the South Island (Fig. 2) 
where clockwise rotations of 0.94º/Myr predict extension rates of 14 to 29 mm/yr from 
the Taupo Rift to the northern limit of the southern Havre Trough respectively along an 
extension direction 122 ± 1º (i.e. approximately arc normal) (Fig. 11). The orientation 
and rate of extension in the Taupo Rift associated with the collision model are based on 
the kinematic block model of Wallace et al. (2012) constrained by GPS and fault-slip 
data. The finite poles of rotation associated with fore-arc blocks bounding the eastern 
margin of the Taupo Rift (AXIR and RAUK) with respect to the Australian plate are 
located in the western North Island (Fig. 2) where clockwise rotations of 2.6-2.8º/Myr 
predict extension rates of 8-19 mm/yr oriented 158º-138º (from south to north along the 
Taupo Rift). 
 The kinematic block rotation (collision) model of Wallace et al. (2012) shows 
good agreement with kinematic shortening and extension directions estimated for  the 
Taupo Rift between 150 km and  300 km along strike (i.e. rotation boundary to 
continental margin) (Fig. 11b). South of 150 km and north of 300 km, the kinematic 
block model shows an increasing mismatch with the observed extension direction. In 
addition, the kinematic block model for the North Island is unlikely to extend into the 
southern Havre Trough (i.e. the northeastern North Island and Kermadec Ridge cannot 
be a continuous microplate rotating about a common pole) as extension rates predicted 
by the block model at the northern end of the southern Havre Trough are approximately 
double current estimates (Parson & Wright, 1996).  
 Extension directions for the rollback model fit the data better than the kinematic 
block model extension directions. Extension directions predicted by a rollback model fit 
the trend of rift extension derived from earthquakes in the southern Taupo Rift and 
southern Havre Trough. The direction of extension predicted by the rollback model is 
within the uncertainty bounds of extension directions observed along the Taupo Rift 
(Fig. 11b)  and the direction of σ3 in the southern Havre Trough inverted from focal 
mechanisms (132º) (Bonnardot et al., 2007) (Fig. 11). In addition, rates of extension 
predicted from the rollback model of Yan & Kroenke (1993) approximately match the 
predicted rates of extension along the Taupo Rift-southern Havre Trough (Parson & 
Wright, 1996).  
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6. Discussion 
Rift geometries and kinematics within the North Island and along the southern Havre 
Trough indicate the subducting slab has exerted a first-order control on the orientation 
and magnitude of extension over the last 4 Myr (Fig. 12). Rift faults in the eastern 
Taranaki Basin active between 4-2 Ma have comparable trends (041-048º) (Giba et al., 
2010) to intra-arc rift faults along the Taupo Rift to southern Havre Trough (Fig. 12) 
(Wright, 1992; Wright, 1997; Campbell et al., 2007). The orientation of principal strain 
in the Taranaki Basin is supported by kinematic data from fault exposures along the 
Taranaki coastline which indicate extension axes parallel to the present southern Taupo 
Rift (131º) (Fig. 5)  (Giba et al., 2010) and border faults along the Colville Ridge (127º) 
(Wright, 1997). These kinematic data from the North Island are therefore consistent 
with the extension direction associated with the initial and continued separation of the 
Colville and Kermadec Ridges over at least the last 4 Ma (Wright, 1997).  
 The data support a model in which slab steepening and/or rollback beneath the 
western and central North Island provided an important control of the location, strike, 
and extension direction for normal faults formed over at least the last 4 Ma. Normal 
faults in the Taranaki and Taupo Rifts are approximately parallel to each other and to 
the present strike of the slab (Fig. 12). The similarity of fault strike and the eastward 
migration of rifting are consistent with the southeast migration of arc volcanism (Fig. 
12b) (Stipp, 1968; Brothers, 1984; Adams et al., 1994; King & Thrasher, 1996; 
Mortimer et al., 2007; Giba et al., 2010; Mortimer et al., 2010). Both rifting and 
volcanism suggest steepening and/or rollback with no discernable change in slab strike 
since 4 Ma. 
 The parallelism of the northeast-southwest striking Taranaki and Taupo Rifts 
seems inconsistent with the northerly trend of the western margin of the Central 
Volcanic Region (CVR) (Stern et al., 2006) (Fig. 4 and 12c). This boundary is primarily 
defined by gravity data and has been interpreted to mark the western margin of fan-
shaped opening of the CVR associated with clockwise vertical axis rotation of the 
eastern North Island (Walcott, 1987; Stern et al., 2006; Stern, 2009). As noted by 
Wilson et al. (1995), the western margin of the CVR cuts across all observable tectonic 
and geophysical elements oriented at high angles to the inferred boundary (e.g. Fig. 4). 
In the fan-shaped opening model, the inferred western boundary of the CVR defines 
location and trend of arc volcanism at 4 Ma which subsequently rotates clockwise by 
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~30º to its present manifestation as the TVZ (Stern et al., 2006; Stern, 2009). In the 
central Bay of Plenty ~50 km east of the western CVR boundary, Motiti Island, an 
eroded andesitic volcanic centre active between 4.3 to 3.4 Ma (Henry, 1991) is presently 
inconsistent with this model (Fig. 4). Implicit in the CVR opening model is the 
requirement that the rift faults in the central North Island initially had an approximate 
north-south strike and that faults along the eastern margin of the CVR rotated clockwise 
to their present northeast-southwest strike (Fig. 12c). Neither of these inferences are 
supported by the apparent uniform strike of rift faults and extension direction over at 
least the last 4 Ma. Instead, it is proposed that the north-south trend of the western CVR 
is parallel to, and reactivates underlying basement fabric (Fig. 12a). By contrast, the 
eastern margin of the CVR, which is partly coincident with the Taupo Rift, is defined by 
a combination of basement fabric in the south and newly formed faults in the north. A 
similar interplay between reactivated late Cretaceous faults and newly formed Late 
Miocene-Pliocene rift faults is also observed along the western and eastern margins of 
the Taranaki Rift (Giba et al., 2010). In the basement reactivation model the absolute 
extension of the CVR is significantly less (≤ 50%) than the distance between its margins 
defined by the residual gravity data (Fig. 4). 
 
7. Conclusions 
The subducting slab controls the first-order structural geometry and kinematics of the 
Taupo Rift. Intra-arc rifting is predominantly normal (6º clockwise from mean down dip 
direction) where extension directions are consistent with the southeast rollback of the 
slab parallel to its dip direction.  Rift faults are sub-parallel to the trend of the 
underlying slab where swings of up to 20º in mean fault trend and extension direction 
occur in unison along strike. The coincidence of a 15-20º clockwise rotation in mean 
fault trend and extension with a similar counter-clockwise rotation in the trend of 
basement fabric indicates strength anisotropy may control the second-order geometry 
and kinematics of rift. In the southern rift, weak basement fabric sub-parallel to the 
shortening direction causes a reactivation of pre-existing faults. This contrasts with the 
new faults formed in the northern rift where basement fabrics are at a high angle the 
shortening direction. The extension direction in the northern Taupo Rift, consistent over 
earthquake magnitudes of MW 3.5-6.5, is uniform between rhyolite and andesite 
volcanic segments of the Taupo Volcanic Zone and the intersection of the rift with the 
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North Island Fault System. In detail, the trend of basement fabric also exerts a third-
order control on faulting where minor oblique- and strike-slip faulting occurs along 
steeply dipping north-south aligned basement bedding planes within the same rock 
volume as the predominant northeast-southwest striking dip-slip rift faults. The 
consistency in the structural geometry and kinematics of the Taupo Rift with rifting in 
the Taranaki Basin and southern Havre Trough indicates the geometry and rollback of 
the subducting slab has controlled the location of intra-arc rifting over at least the last 4 
Ma. 
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Chapter 4 
Seismicity of the Pacific plate beneath the North Island, 
New Zealand: The role of faulting in the hydration and 
dehydration of subducting lithosphere 
Abstract  
The Taupo Volcanic Zone (TVZ) is currently one of the most frequently active and 
productive silicic volcanic systems on Earth. The location and high volcanic 
productivity of the TVZ can be linked to the subduction water cycle, where hydration 
and subsequent dehydration of the subducting oceanic lithosphere is primarily 
accomplished by earthquakes. Analysis of regional and global earthquake catalogues 
indicates the location, geometry, deformation, and dehydration of the subducting Pacific 
plate. Shallow intraplate earthquakes (e.g., ≤ 50 km) are predominantly normal dip-slip 
and formed due to bending. The magnitude and frequency of these shallow intraplate 
earthquakes are greatest where the overriding plate changes from oceanic to continental 
crust and decreases southwards along the margin. The high rates of seismicity 
associated with plate bending in proximity to oceanic fluids promote local hydration of 
the subducting plate east of the TVZ. Hydration of the subducting plate decreases to the 
south where ‘bending’ earthquakes occur mainly beneath continental crust of the North 
Island, 100-200 km west of and distal from oceanic fluids. The anomalously high heat 
flow and volcanic productivity of the TVZ is spatially associated with high rates of 
seismicity in the underlying slab mantle at depths of 130-210 km. Benioff-zone 
seismicity is inferred to reflect dehydration embrittlement of the previously hydrated 
slab. Dehydration of the slab crust provides insufficient fluid flux into the mantle wedge 
to induce ‘wet’ partial melting resulting in arc volcanism. In contrast, dehydration of the 
slab mantle correlates with the location and productivity of active North Island volcanic 
centres. South of the TVZ the subducting plate has not experienced the same degree of 
hydration as further north and, as a consequence, expels less fluid. In this model, 
hydration of the subducting plate varies spatially and is an important determinant for the 
location of arc volcanism in the overriding plate. 
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Figure 1. (a) Pacific plate bending-related normal-faulting earthquakes (MW 5-7) along the 
Kermadec-Hikurangi subduction margin. EHB catalogue (1977-2007) ≤ 50 km depth (Engdahl et 
al., 1998) (red filled circles) with associated CMT focal mechanisms (Dziewonski et al., 1981). 
Arc volcanoes of the North Island and southern Havre Trough (black triangles) and outline of 
modern Taupo Volcanic Zone (red polygon) (Wilson et al., 1995). Structure of the Hikurangi 
Plateau from Davy et al. (2008).  (b) Simplified conceptual model for the structural and metamor-
phic evolution of Pacific plate lithosphere as it subducts beneath the North Island (after Ranero et 
al., 2003). Geometry of the slab, mantle wedge, and crust to scale. Distribution of relocated 
Benioff seismicity (black filled circles) considered a proxy for dehydration reaction rate (e.g. 
Hacker et al., 2003). Hydrated mantle wedge (in red) approximated by Vp/Vs ratio ≥ 1.8 from 3D 
velocity model of New Zealand (Eberhart-Phillips et al., 2010). 
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1. Introduction 
The Taupo Volcanic Zone (TVZ) in the North Island, New Zealand is one of the most 
frequently active and productive silicic volcanic systems on Earth. Volcanic production 
rates and heat flow along a ~100 km section of this continental intra-arc rift (Fig. 1) are 
comparable to locations where mantle plumes intersect both continental and oceanic 
crust (e.g. Yellowstone and Iceland respectively) (Stern et al., 2006; Wilson et al., 2008) 
therefore questions remain as to the origin of the heat source driving this exceptional 
volcanism. A second related question that must also be considered is why arc volcanism 
extinguishes so abruptly to the south of the TVZ despite the continuity of a seismically 
active slab for a further ~350 km along strike (Fig. 1) (Reyners et al., 2006). As arc 
volcanism in the TVZ is ultimately an expression of processes occurring in the mantle 
wedge and underlying slab, understanding the factors that contribute to magma 
production at depth will enhance our understanding of subduction systems. 
 The subduction zone water cycle, i.e. the hydration and subsequent dehydration 
of oceanic lithosphere as it is recycled back into the mantle, is a key component of arc 
magma genesis (Gill, 1981; Kirby et al., 1996; Hacker et al., 2003; van Keken, 2003) 
(Fig. 1b). The depth to the subducting slab below volcanic arcs indicates their location 
relative to the trench is a function of the mantle wedge temperature and viscosity 
structure which is largely the product of three interdependent factors; the dip, 
convergence rate, and fluid flux of the subducting slab (England et al., 2004; Manea & 
Gurnis, 2007; Wada & Wang, 2009; England & Katz, 2010). Arc magmas are believed 
to be generated largely by ‘wet’ partial melting (Gill, 1981), melting due to the 
reduction of the mantle solidus through the addition of fluids into the hot core of the 
mantle wedge, and a general correlation between volcanic production rates and thermal 
parameter (φ) of the subducting slab is thought to reflect the greater ability of colder 
slabs to carry fluids to sub-arc depths (Kirby et al., 1996). Variations in the rate and 
distribution of fluid liberated from the subducting slab along an arc segment (where slab 
age, dip and convergence rate are approximately uniform) has important consequences 
for the thermal and viscosity structure of the mantle wedge (Billen & Gurnis, 2001; 
Hirth & Kohlstedt, 2003), which in turn influences the location and productivity of arc 
volcanism (Kirby et al., 1996; Hacker et al., 2003; England et al., 2004). 
The frequency of Benioff-zone seismicity with depth (50-350 km) has been 
considered a proxy for the rate of dehydration embrittlement within the subducting 
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lithosphere (Hacker et al., 2003). If this intra-plate seismicity within the subducting slab 
is related to the volume of fluid fluxing the mantle wedge, this may have important 
consequences for volcanism at the surface. At present however, the rates of seismicity 
in the subducting plate along the Hikurangi Margin have not been quantified. Previous 
models accounting for the anomalous volcanic production and heat flow rates in the 
TVZ include; a deep plume source (Wilson et al., 1984), cooling intrusions (Stern, 
1987), heat from plastic deformation (Hochstein, 1995), along strike mantle flow 
(Reyners et al., 2006), elevated slab fluid flux/arc-related hotspot (Reyners et al., 2006; 
Wilson et al., 2008), and delamination of the overriding plate mantle lithosphere (Stern, 
2009). Recently our understanding of subduction processes occurring beneath the North 
Island has been greatly enhanced by the publication of  three-dimensional Vp, Vs, 
Vp/Vs, and Qp tomography that map variations in the physical properties of rocks due, 
for example, to changes in composition, temperature, water and melt content (Reyners 
et al., 2006; Eberhart-Phillips et al., 2008; Eberhart-Phillips et al., 2010). These studies 
show variations in the seismic properties of the subducting slab and overlying mantle 
wedge along strike correlate with the distribution and style of volcanism at the surface.  
 In this paper I build on this recent work by investigating the spatial distribution 
of hydration and dehydration of the Pacific plate beneath the Hikurangi margin, 
specifically, quantifying the distribution of seismicity with depth in the slab. The 
Hikurangi margin is an ideal location to examine subduction related processes due to 
the emergent North Island (and regional seismic network) directly overlying the 
subducting Pacific plate. A robust 22 year long earthquake catalogue 
(www.GeoNet.org.nz) complemented by a subset of events relocated in the three-
dimensional velocity model of New Zealand (Eberhart-Phillips et al., 2010) along with 
published (Dziewonski et al., 1981; Bannister et al., 1989)  and unpublished focal 
mechanisms (Ristau, 2008) form the basis for the study. I find the highest rates of 
seismicity within the subducting slab are directly beneath/down dip from regions of 
highest volcanic productivity at the surface. Coincidence of the high rates of seismicity 
in the slab and volcanism at the surface is consistent with a model in which volcanism is 
driven by fluids fluxing from the slab (e.g. Hacker et al. 2003). These high rates of 
dehydration are along the plate motion path from a region of high seismicity in the 
subducting plate at the trench. The seismicity at the trench records normal faulting 
associated with bending of the plate. It supports the notion that this bending-related 
faulting increases permeability of the subducting plate (e.g. Peacock, 2001; Faccenda et 
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al, 2009) which, together with the availability of water from the ocean and subducting 
sediments, results in pervasive hydration of the downgoing plate. 
 
2. North Island volcanism and tectonics  
Arc volcanism has migrated progressively southeast across the North Island since the 
early Miocene (Fig. 2) (Stipp, 1968; Brothers, 1984; Adams et al., 1994; Houghton et 
al., 1995; King & Thrasher, 1996; Hayward et al., 2001; Briggs et al., 2005; Giba et al., 
2010; Mortimer et al., 2010). The vast majority of volcanic centres across the North 
Island have island arc chemistries derived from mantle fluxed with fluids from a 
subducting slab i.e. the enrichment of large ion lithophile (e.g. Rb, Ba, and K) and 
relative depletion of high field strength (e.g. Nb and Ti) trace elements for example 
(Bergman et al., 1992; Black et al., 1992; Adams et al., 1994; Price et al., 1999). The 
present southern limit of volcanism in the North Island has been relatively stable since 
14 Ma (relative to the strike of the subducting slab) (Giba, 2010) albeit ~150 km to the 
northwest of its present position (Fig. 2). Explosive rhyolitic caldera forming arc 
volcanism initiated contemporaneously with intra-arc rifting in the North Island around 
12 Ma, and has increased in size and frequency towards the present (Carter et al., 2003; 
Giba et al., 2010). Increases in the size and frequency of rhyolitic eruptions, particularly 
from ~8 and ~2 Ma, are recorded in outcrop and deep sea drillholes east of the North 
Island (Adams et al., 1994; Carter et al., 2003). Hydrogen isotopes provide direct 
evidence for the presence of slab derived fluids in silicic magmas (Deering et al., 2012) 
from the onset of explosive rhyolitic volcanism in the TVZ ~1.6 Ma ago to the present 
(Houghton et al., 1995).  
 Rhyolitic caldera formation is a common feature of arc front volcanism along 
the Kermadec arc towards the North Island (Wright & Gamble, 1999; Campbell et al., 
2007), however volcanic production rates associated with caldera formation in the TVZ 
appear exceptional (Wilson et al., 2008). Since ~1.6 Ma the TVZ has produced at least 
25 predominantly ignimbrite caldera forming eruptions (ca. 6000 km3 of magma) 
(Wilson et al., 2008). Volcanic production rates in the central North Island over this 
time are comparable to those of the Yellowstone volcanic province over the last ~ 2 
Myr (3-4 km3/kyr) (Wilson et al., 2008).   
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Figure 2. Onshore and offshore North Island arc volcanism since the Miocene. Present day slab 
geometry shown by 50 km depth contours on top of the slab. Maximum (oldest) age of arc volca-
nism from surficial radiometric dates onshore and stratigraphic correlation of seismic reflectors 
and rare radiometric dates offshore shown (see chapter 5 for references). Maximum age of volca-
nism; 0-4 Ma (red filled circles), 4-8 Ma (orange filled circles), 8-16 Ma (green filled circles), and 
16-24 Ma (dark blue circles). Present geometry of the slab to 250 km defined by Benioff seismic-
ity beneath the North Island (chapter 5) and Kermadec arc (Syracuse & Abers, 2006). Dashed 
lines show approximate boundaries for the northern and southern Hikurangi margin discussed in 
this study. Inset shows a horizontal Pacific plate motion vector relative to a fixed Australian plate 
from 33 Ma to the present through the Hikurangi margin (Cande & Stock, 2004).
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At present, the average heat flux from localised high temperature geothermal systems in 
the TVZ (700 mW/km3) (Bibby et al., 1995) is comparable to that of Iceland where hot 
spot volcanism and spreading coexist (Stern, 2009).  
The age, geometry, and kinematics of the subducting slab are key parameters for 
the generation of arc volcanism (Hacker et al., 2003; England et al., 2004; Syracuse & 
Abers, 2006). Arc front volcanism in the central North Island lies 85 ± 10 km above the 
northeast (~040º) striking slab (Reyners et al., 2006) (Fig. 2). At present, the maximum 
depth of Benioff-zone seismicity shallows southward from depths of ~350 km beneath 
the north-eastern North Island to ~240 km beneath the northern South Island (Fig. 3) 
(Reyners et al., 2006; Eberhart-Phillips & Bannister, 2010). Deep earthquakes 
(Boddington et al., 2004) and positive mantle velocity anomalies (Li et al., 2008) infer a 
northeast striking slab to depths of at least 600 km beneath the North Island. At present, 
the Cretaceous (ca. 120 Ma) Hikurangi Plateau, a buoyant fragment (16-23 km thick) of 
a large igneous province (Davy et al., 2008), is subducting obliquely westward beneath 
the Hikurangi margin at rates of 42-48 mm/yr (Beavan et al., 2002). How much of the 
Hikurangi Plateau has been subducted is uncertain. Present estimates place the leading 
edge of the plateau at depths between 65-150 km beneath the North Island; the slab 
below these depths is inferred to be normal oceanic crust (Reyners et al., 2006; Reyners 
et al., 2011). The separation of the upper and lower Benioff-zones (seismicity in the slab 
crust and mantle, respectively) beneath the southern Hikurangi margin is also consistent 
with normal oceanic lithosphere 90-120 Ma in age (Brudzinski et al., 2007).  
 The southeast migration of arc volcanism normal to the present alignment of arc 
front volcanoes over the last 16 Ma indicate the geometry of the slab changed (Fig. 2). 
The southeast migration of the arc front across the North Island accelerated from rates 
of ~4 mm/yr between 16-7 Ma to ~18 mm/yr from ~7 Ma to the present (chapter 5). 
This increase in arc migration rates was associated with elevated mantle wedge 
temperatures adjacent to the slab from ~6 Ma (Booden et al., 2010) and the uplift of the 
central North Island from ~5 Ma (Pulford & Stern, 2004). To the north of the North 
Island from ~6 Ma, intra-arc rifting, attributed to rollback of the subducting slab, 
commenced along the length of the Tonga-Kermadec trench (van der Hilst, 1995; 
Taylor et al., 1996; Wright, 1997; Sdrolias & Muller, 2006). Over the last ~1.6 Myr, 
rates of extension across the North Island increase northwards to where they are 
comparable to rates of volcanic migration (chapter 5). This difference between the 
extension rate and arc migration rate indicates that arc migration patterns in the North 
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Island have been controlled by predominantly slab rollback beneath the region offshore 
of the northern TVZ and slab steepening towards the southern limit of volcanism 
(chapter 5).  
 
3. Pacific plate seismicity  
Benioff-zone seismicity provides important information about processes and 
deformation in the subducting Pacific plate beneath the North Island. The correlation 
between the distribution of intraplate seismicity and the predicted locations of hydrous 
phases within subducting lithosphere has led to the accepted view that Benioff-zone 
seismicity is facilitated by the reduction of the effective stress by high fluid pressures 
generated by the dehydration embrittlement (Fig. 1) (Kirby et al., 1996; Hacker et al., 
2003). Earthquake catalogues have also been used to infer the degree of slab 
hydration/dehydration (Fig. 2) (Kirby et al., 1996; Peacock, 2001; Hacker et al., 2003; 
Brudzinski et al., 2007). As no one catalogue can provide a complete representation of 
the seismicity in the subducting slab due to strengths and weaknesses inherent in each 
(e.g. completeness or hypocentral accuracy) I use multiple, regional and global data 
sets. Where individual earthquakes occur in multiple catalogues, events have been 
compared to assess differences in hypocentre location and fault plane solutions.  
 
 3.1 Benioff-zone  
The GeoNet earthquake catalogue has been used to evaluate the spatial distribution of 
Benioff-zone earthquake associated with the subducting slab (www.GeoNet.cri.nz) (Fig. 
3). The minimum magnitude of completeness (MC) for this catalogue has been 
estimated using ZMap, a suite of software tools designed for the spatial and temporal 
analysis of earthquakes (Wiemer, 2001), to ensure frequency-magnitude (F-M) and 
frequency-depth (F-D) relationships are meaningful. A complete earthquake catalogue 
above the MC is required to ensure that sampling bias, due to station spacing or under 
reporting for example, does not significantly influence the spatial distribution of events 
(Wiemer & Wyss, 2000). Prior to 1988, the GeoNet catalogue shows under reporting in 
the total number of events with time and has been excluded. Prior to 2000, and the 
upgrade of the regional seismic network, ML ≤ 3.6 are under reported. Between MC 3.6 
and 4.5 no significant differences in b-value are observed and therefore the lower end of 
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Figure 3. Intermediate depth seismicity along the Hikurangi subduction margin. (a) Intermediate 
depth (50-350 km) GeoNet earthquake catalogue MC ≤ ML 3.6 1988-2010. (b) Pacific Plate 
Regional Moment Tensor (RMT) focal mechanisms 2004-2010 (Ristau, 2008). (c) Seismicity 
sample sections in slab dip parallel (blue boxes) and Pacific Plate motion vector (red boxes) direc-
tions. Arc volcanoes (black filled triangles) and TVZ calderas (thin red line). Volcanic classifica-
tion of Wilson et al. (1995) showing predominant volcanic composition; andesitic in Central (C) 
and Offshore (N2) sections, rhyolitic in North (N1) section. 
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the MC range was used to provide the greatest number of earthquakes. The overriding 
crustal thickness is typically ≤ 40 km where MC 3.6 is robust to depths of ~250 km 
beneath the majority of the North Island. First-order spatial variations previously 
interpreted beneath the North Island (Reyners, 1983) are observed over time window 
durations of varying length throughout the period of interest and are considered real 
features of the catalogue. The GeoNet catalogue (1988-2010) ML ≥ 3.6 at depths ≥ 50 
km (N=11514, mean residual error 0.2 ± 0.9 s) is the principal dataset used for spatial 
analysis of Benioff-zone seismicity and is referred to hereafter as the GeoNet catalogue 
unless otherwise stated. 
 The GeoNet catalogue has been analysed in two ways to determine the spatial 
distribution of seismicity in the slab. 1) The first are adjacent 100 km wide along strike 
sections of Benioff-zone seismicity oriented parallel to the relative plate motion vector 
(260°), and 2) adjacent 150 km wide along strike sections oriented in a slab dip-parallel 
direction (310°) (Fig. 3c). The relative plate motion vector reflects the Pacific plate 
transport direction relative to a stable Australian plate over timescales of millions of 
years (Cande & Stock, 2004), while dip-parallel sections are parallel to the present plate 
convergence direction (Wallace et al., 2004). The two sample orientations have 
frequency-depth distributions for earthquakes that differ 2-25% for sections of 
comparable location. The sections are positioned in such a way as to sample the slab 
underlying different volcanic and tectonic regions in the overriding plate (e.g. rifted 
rhyolite dominated TVZ or contractional southern North Island) (Fig. 3c). The spatial 
distribution of seismicity in each section has been analysed over a range of bins 40 to 
200 km in depth to ensure robust F-M relationships are observed throughout the slab. 
Where the MC increases to ML 3.8 > 100 km beneath the Bay of Plenty (offshore and 
N2 sections) correcting for the under sampling of low magnitude earthquakes would 
only further support the first-order conclusions presented here.  
 
 3.2 Velocity models 
The structure of the subducting plate is investigated using the recently published three-
dimensional velocity model of New Zealand (3DNZ) along with a relocated subset of 
the GeoNet catalogue (2001-2009) (Fig. 4) (for further detail on methods and data see 
Eberhart-Phillips et al., 2010 and references therein). Limitations of the tomographic 
method include an inability to model sharp velocity gradients, directional sampling bias, 
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and coarse spacing of the grid nodes (i.e. 30-50 km below 50 km depth), however the 
regional extent and internal consistency of the 3DNZ velocity model provide 
unparalleled detail of the location and geometry of the subducting plate along the 
Hikurangi margin (Eberhart-Phillips et al., 2010). The resolution of the tomographic 
model is measured by a spread function where ≤ 3 indicates regions with meaningful 
velocity information at or smaller than the grid spacing (i.e. < 50 km). All relocated 
GeoNet events have been recorded on ≥ 6 stations with travel time residuals ≤ 0.3 s and 
a distance of 2 focal lengths from the nearest station to ensure good depth control.  
Individual earthquakes are relocated with greater accuracy (lower residuals) using 
3DNZ than the standard 1D GeoNet velocity model and can be clearly assigned to the 
subducting or overriding plate (Fig. 6) (Reyners & Eberhart-Phillips, 2009).  
 Deriving a meaningful spatial distribution of slab seismicity is dependent on 
accurate locations. Hypocentres derived from a 1D velocity model in the GeoNet 
catalogue were compared to their equivalent relocated in the 3DNZ velocity model by 
M. Reyners (ML ≥ 3.6, N=2879, 50-340 km depth). This comparison showed an average 
change in depth of -9 ± 12 km along a mean azimuth of 274 ± 25° by a mean distance of 
96 ± 50 km with relocation. The systematic westward shift in hypocentres results in a 
minor shallowing of the slab dip below 100 km depth, while above 100 km the scatter 
associated with the GeoNet catalogue is significantly reduced. At the scale of sampling 
employed in this study the difference in location, and more importantly depth, between 
hypocentres derived from 1D and 3D velocity models is not significant. The use of  
relocated hypocenters makes only minor changes (± 10 km) to the depth of the 
maximum frequency peaks in either orientation of sample section (motion vector or dip-
parallel) compared to the GeoNet catalogue. Due to its longer record and larger sample 
size I consider the GeoNet catalogue (1988-2010, ML ≥ 3.6, ≥ 50 km depth) to provide 
robust first-order estimates on the spatial distribution of Benioff-zone seismicity along 
the Hikurangi margin. 
 
 3.3 Focal mechanisms 
Focal mechanisms provide information about the orientation and kinematics of faults 
that slip during earthquakes (Webb & Anderson, 1998). Focal mechanism solutions are 
widely available for events in the subducting plate between MW 3.8 and 7.1 
(Dziewonski et al., 1981; Ristau, 2008). To relate deformation in the subducting plate as 
Chapter 4 
 
125 
 
!(
!(!(
!(
!(
!(
!(
!(
!(
!(
!(
!(
!(
!(
!(!(
!(
!(
!(
!(!(
100 150
-5
0
-5
0
-2
5
-2
5
19850719
Mw 6.0
20071220
Mw 6.6
Figure 5. Normal-faulting earthquakes in the upper and lower seismic zones beneath the 
Hikurangi margin. See Fig. 1 for location. Comparison between focal mechanisms calculated 
from regional (blue filled circles) (Bannister et al., 1989; Ristau, 2008) and global (red filled 
circles) (Dziewonski et al., 1981; Engdahl et al., 1998) networks superimposed on 3D velocity 
model of New Zealand (Eberhart-Phillips et al., 2008). The majority of relocated GeoNet events 
(grey filled circles) < 50 km depth lie below the interpreted slab surface (red line).
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it passes through the trench to beneath the active arc, I use Regional Moment Tensor 
(RMT) focal mechanism solutions along the Hikurangi margin (Fig. 3b). Since 2004, 
RMT focal mechanisms for earthquakes > Mw 3.8 have been routinely calculated from 
GeoNet hypocentre and waveform data (Ristau, 2008). As RMT solutions are typically 
insensitive to differences between GeoNet hypocenters calculated using a 1D velocity 
model and those relocated in the 3DNZ (Eberhart-Phillips et al., 2010) (i.e. ≤ -5% 
residual reduction), I use RMT solutions with relocated (3DNZ) hypocentres. To 
provide a regional context and comparison to previous studies of shallow slab faulting 
along the southern Kermadec trench and Hikurangi margin, I use relocated hypocentres 
from the EHB catalogue for depths ≤ 50 km and a majority of which have 
corresponding Centroid Moment Tensor (CMT) solutions (Fig. 1) (Dziewonski et al., 
1981; Engdahl et al., 1998). The EHB catalogue provide more accurate locations (i.e. 
lower residuals) than those of the original CMT solutions and in some cases, such as 
that of the MW 7.1 East Cape earthquake (5 February 1995), may be more reliable than 
those derived from the local network at the time (Glendhill pers. comm; 2011).  
 RMT solutions are entirely consistent with reference CMT solutions and well-
constrained first-motion solutions for larger earthquakes and aftershock sequences 
(Ristau, 2008). For example, a MW 6.6  normal faulting slab earthquake (20 December 
2007) (Fig. 5) is reported at depths of 24 and 36 km in GeoNet and EHB catalogues 
respectively, the EHB catalogue location ~35 km to the west of the GeoNet location. 
Both hypocentres are located within the lower seismicity zone of the subducting slab 
and have near identical focal mechanism solutions, therefore using the EHB catalogue 
location and CMT focal mechanism solution does not significantly change the 
interpretation of the earthquake using local network solutions. Detailed relocation and 
long period body-wave modelling of a MW 5.7 normal faulting slab earthquake (19 July 
1985) (Fig. 5) by Bannister et al. (1989) has a near identical focal mechanism to the 
CMT solution. The hypocentre of both the CMT and EHB catalogue locations are 
within 20 km horizontally and 10 km vertically of the Bannister et al. (1989) 
hypocenter, with all hypocentres located within the upper seismic zone of the slab. 
These and others studies (Webb & Anderson, 1998) show the consistency between 
locally derived and global focal mechanism solutions. I therefore use RMT and CMT 
focal mechanism solutions in this study as these form the most complete and consistent 
data set with which to evaluate deformation in the subducting slab. 
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4. Hydration of the subducting slab 
The spatial distribution and kinematics of seismicity beneath (and east of) the North 
Island provide information about the processes associated with the hydration of the 
lithosphere prior to and during subduction. The hydration of the subducting lithosphere 
is dependent on the plate age, spreading rate during formation (i.e. the depth and degree 
of hydrothermal alteration), and the degree of bending the plate experiences as it 
approaches the trench (Fig. 1) (Peacock, 2001; Hacker et al., 2003; Ranero et al., 2003; 
Faccenda et al., 2009). If the Hikurangi Plateau has subducted beneath the North Island 
(Reyners et al., 2011), hydration and/or hydrothermal alteration experienced during 
rifting and break-up of the Ontong Java-Manihiki-Hikurangi Plateau must also be 
considered (Taylor, 2006; Davy et al., 2008). Cretaceous rifting of the plateau parallel 
and perpendicular to the present dip direction of the slab along the Hikurangi margin 
appears extensive, particularly through the Central Basin and Northern Volcanic 
Region, where numerous pre-existing faults dissect volcanic basement (Fig. 1 and 
Appendix Fig. 4) (Davy et al., 2008). These faults were potential conduits for fluids 
migrating into and out of the plateau during the rifting process (Mancktelow, 2008). 
 
 4.1 Bending related faulting and slab curvature 
Normal faults formed by bending of the slab as it enters the subduction system promote 
hydration of the subducting plate. The degree to which the slab bends in proximity to 
the trench determines the size and frequency of faults formed, or reactivated, to 
accommodate the flexure of the lithosphere (Chapple & Forsyth, 1979; Masson, 1991; 
Ranero et al., 2005).  As faults are considered the primary pathway for fluids into and 
out of the slab, their size and frequency have important consequences for the amount of 
fluid liberated into the mantle wedge at sub-arc depths (Peacock, 2001; Hacker et al., 
2003; Ranero et al., 2003; Faccenda et al., 2009). Displacement on bending related 
normal faults typically initiates ≤ 75 km from the trench (increasing significantly within 
30 km) where faults may penetrate as deep as 15-30 km into the subducting lithosphere 
(Chapple & Forsyth, 1979; Masson, 1991; Ranero et al., 2003). Fault (re)activation due 
to bending typically starts with low displacements at shallow depths within the slab as it 
approaches the trench (Masson, 1991; Faccenda et al., 2009).  As the faults move 
through trench and interplate zone they progressively increase in length and depth 
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(Masson, 1991; Ranero et al., 2003; Faccenda et al., 2009). As the cumulative seismic 
moment of normal faulting earthquakes in proximity to the trench exceeds the total 
extension predicted by elastic plate models, a large amount of permanent deformation 
must be accommodated by fault displacement (Chapple & Forsyth, 1979). Peacock 
(2001) proposed and Faccenda et al. (2009) demonstrated how normal faults in the 
fluid-saturated brittle crust permit hydration of the lower crust and mantle through 
percolation induced by the downward pumping of water driven by inverted 
(subhydrostatic or negative) vertical pressure gradients focused along the fault zones 
(Fig. 1). These models for the hydration of the subducting lithosphere via normal faults 
are supported by broad regions of steeply dipping seismic reflectors (interpreted as 
hydrated mantle shear zones) beneath normal fault scarps formed in the subducting plate 
approaching the Middle America trench (Ranero et al., 2003). These regions have low 
seismic velocities with respect to mature oceanic crust indicating up to 10-15% 
serpentinization of the mantle (equivalent to 4-5 wt% H2O) (Grevemeyer et al., 2007).  
 The curvature of the subducting lithosphere as it bends and accumulates fault 
displacement depends on factors such as the composition and thickness of the 
overriding and subducting plates, the age and rate of the subduction plate, and whether 
or not the subduction hinge is rolling back, stable or advancing (Chapple & Forsyth, 
1979; Masson, 1991; Lallemand et al., 2005; Royden & Husson, 2006). The maximum 
curvature of the slab and its location relative to the trench changes along the Hikurangi 
margin. Depth converted seismic-reflection lines indicate that the plate interface at 
depths of 5-18 km is steeper (~10-18°) in the northern Hikurangi margin than the 
southern margin (~6°) (Barker et al., 2009). The average dip of the slab between 50-200 
km depth decreases southwards by ~7° from the northern (55°) to southern (48°) 
Hikurangi margin (Fig. 4). The steeper dips of the slab in the northern Hikurangi margin 
are a reflection of the fact that in this region it steepens more rapidly and has a greater 
curvature close to the trench than further south. The greater curvature of the slab at 
shallow depths (< 50 km) in the north produces high displacements on bending moment 
normal faults in this area. The total fault displacement of the slab accumulated at 
shallow depths (< 50 km) through bending decreases southwards along the Hikurangi 
margin (Fig. 1). 
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 4.2 Normal faulting earthquakes  
Medium to large magnitude earthquakes (MW 4-7) and their associated focal 
mechanisms provide information on deformation of the Pacific plate as it subducts 
beneath the North Island.  Normal faulting predominates in the shallow slab and is 
interpreted to mainly form due to slab bending (Fig. 6). Maximum bending strains and 
associated normal faulting (Chapple & Forsyth, 1979) are immediately adjacent to the 
trench (and beneath the accretionary prism) in the north of the Hikurangi margin and 
beneath the lower North Island in the south (distal to the trench and accretionary prism) 
(Fig. 1). The southward divergence of shallow slab normal-faulting earthquakes from 
the trench along the Kermadec trench is coincident with the transition from an oceanic 
to continental overriding plate where crustal thickness increases by ~10-15 km along the 
Hikurangi margin (Bassett et al., 2010).  
 Normal-faulting earthquakes and their aftershock sequences within the slab 
beneath the northern Hikurangi margin extend to mantle depths in the subducting 
lithosphere. The largest earthquake in the North Island region over the last 30 years 
occurred within the subducting slab at the transition from oceanic to continental 
overriding crust. The MW 7.1  East Cape (05 February 1995) normal-faulting earthquake 
occurred close to the top of the subducting plate at a depth of 21 km and was followed 
by at least 14 normal faulting aftershocks > Mw 5.2 extending up to 20 km into the slab 
(Fig. 4) (Dziewonski et al., 1981). The detailed study of a MW 5.7 normal faulting event 
(19 July 1985) and aftershock sequence by Bannister et al. (1989) showed that a main 
shock at a depth of 31 km also initiated close to the surface of the slab. The distribution 
of aftershocks suggest this event ruptured at least 16 km downwards into the slab 
(Bannister et al., 1989). These data are consistent with previous studies that suggest 
normal-faulting earthquakes of ~MW 7.0 rupture oceanic lithosphere to depths of at least 
25-30 km (Chapple & Forsyth, 1979) with relocated GeoNet catalogue events indicating 
depths up to 40 km within the slab beneath the northern Hikurangi margin (Fig. 6, 7). 
The close proximity of the MW 5.7 (19 July 1985) event to a 5 km step in the plate 
interface imaged by seismic reflection has led to a hypothesis that the curvature of the 
slab in this region is accomplished by a series of long-lived steps  in the subducting 
plate (Henrys et al., 2006).  
 Focal mechanisms at depths ≤ 50 km from within the slab show it to be in down 
dip tension. Principal strains within a slab are generally aligned parallel and normal to  
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CMT MW 7.1 + aftershocks
RMT Shallow ≤ 50 km Rotated
RMT Deep ≥ 50 km Rotatedc
b
a
Figure 6. Kinematics of faulting in the subducting slab. Table 1 details mean P and T eigenvectors 
for each data set.  (a) CMT P (white filled circles) and T (black filled circles) axes for East Cape 
(19950205) MW 7.1 normal faulting  earthquake and aftershock sequence (Dziewonski et al., 
1981). (b) RMT P and T axes for events in the shallow slab ≤ 50 km depth (right), (Ristau, 2008) 
and same data rotated into slab reference frame (left). Rotation of P and T axes restores slab to 
horizontal, see Table 1 for details. Slab down dip direction 310º (arrow) for reference. (c) RMT P 
and T axes ≥ 50 km depth (right) and same data rotated into slab reference frame (left). For 
locations see Fig. 1 for CMT and Fig. 3 for RMT. Subhorizontal T and subvertical P axes in 
rotated plots indicate kinematics consistent with the reactivation of bending-related normal faults, 
i.e. (a).
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its surface (Molnar & Atwater, 1978), and as this surface progressively curves with 
depth, direct comparison of focal mechanisms from different locations becomes 
problematic. To overcome this difficulty, RMT focal mechanisms ≤ 50 km (N = 62) 
have been rotated to remove the dip of the slab (Fig. 6). The distribution of unrotated 
and rotated P axes near vertical and subhorizontal T axes indicate normal faulting 
predominates shallow intraplate events (Table 2). The majority of slab focal 
mechanisms (84%) occur in the northern Hikurangi margin where the slab steepenening 
and rollback has occurred over the last ~7 Ma (Chapter 5). These data indicate that 
faults formed prior to subduction to accommodate lithospheric flexure are rotating with 
the slab through the interplate zone. The scatter in the P and T axes, however, reflect a 
complex deformation pattern associated with a full spectrum of slip from normal to 
strike slip to reverse on bending-related and reactivated faults (Ranero et al., 2005). 
Eigenvectors of these kinematic data, however, reflect a predominantly normal-faulting 
focal mechanism similar to the MW 7.1 intraplate event (Fig. 6). 
 
Location Source P T P(rot) T(rot) N MW 
Slab ≤ 50 km RMT 096/69 305/19 012/77 127/2 62 3.8-6.6 
Slab ≥ 50 km RMT 104/16 342/57 069/65 329/12 124 3.9-6.3 
East Cape CMT 301/63 122/26   15 5.1-7.1 
Table 2: Mean P and T axes from Pacific intraplate RMT (Ristau, 2008) and CMT focal 
mechanisms (Dziewonski et al., 1981). Mean kinematic axes determined from the maximum 
eigenvalue for each group of P and T axes. P and T axes are rotated into slab reference frame 
about a horizontal axis trending 040º (i.e. strike of slab) by the dip of the slab at the earthquake 
focal depth (Fig. 4). 
 
 Seaward dipping (antithetic) bending-related faults are considered favourable 
locations for slab hydration below the over-riding plate where slab curvature and 
inverted fluid pressure gradients are high and downward fluid pumping is at a maximum 
(Faccenda et al., 2009). A number of RMT solutions originate from the lower zone of 
seismicity (depths of 20-40 km within the slab) and in particular the MW 6.6 normal 
faulting earthquake of 20 December 2007 (Fig. 5). The main shock of this event, which 
occurred over an area of ~10 km2 with a maximum displacement of ~2.6 m, a high 
stress drop (17 MPa) at depth of  40 km (~1 GPa) characteristic of an  intraplate event, 
occurred well within the mantle of the subducting plate (Holden et al., 2008). 
Displacement occurred on a 45° east (seaward) dipping fault which in turn triggered 
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slow slip on the plate interface 25-30 km above (Holden et al., 2008). The observation 
that medium to large earthquakes (≥ MW 5.7) occurring near the top of the subducting 
plate rupture downwards at least the thickness of Hikurangi Plateau (16-23 km) and that 
normal faulting also occurs in the lower seismicity zone indicates that earthquakes 
provide a viable mechanism for hydrating the slab to mantle depths (~40 km) along the 
northern Hikurangi margin. 
 
 4.3 Slab hydration 
In order for surface fluids to hydrate the mantle lithosphere, the fluids must be able to 
pass from the water saturated upper crust through an assumed anhydrous lower crustal 
layer to the mantle (Hacker et al., 2003). Normal faults in the subducting plate in the 
northern Hikurangi margin rupture to depths of at least 15 to 30 km within the slab and 
provide the potential fluid pathways required for deep water transport and hydration of 
the mantle. The crustal composition of the Hikurangi Plateau is largely unknown and 
assumed here to be similar to mid-ocean ridge basalts where the predominant hydrous 
phases are lawsonite (11.2 wt% H2O), chlorite (12 wt% H2O) and amphibole (2.1 wt% 
H2O) which comprise 20-60 wt% of basalt (Schmidt & Poli, 1998). Serpentinite, 
together with chlorite, dominate the hydrous phases (12.3 and 13 wt% H2O 
respectively) in fluid saturated peridotite and have previously been proposed as 
significant sources of water during sub-arc dehydration to depths of ca. 150 km 
(Schmidt & Poli, 1998; Peacock, 2001; Carlson & Miller, 2003; Rupke et al., 2004; 
Grevemeyer et al., 2007).  
 Seismic velocities are the best indicator for the degree of hydration that the 
lithosphere has undergone (Grevemeyer et al., 2007). For example, P-wave velocities 
(Vp) in partially serpentinized ultra-mafic rocks typically decrease by 1% per 2.4% 
increase in serpentine content (Carlson & Miller, 2003). The relative hydration of the 
incoming oceanic lithosphere can be estimated using the 3DNZ velocity model for the 
North Island (Fig. 8) (Eberhart-Phillips et al., 2010) in association with relocated 
intraplate seismicity (Fig. 7). Velocities within the subducting slab beneath the east 
coast of the North Island increase southward. High velocities (~9.25 km/s) in the slab 
mantle beneath the southern Hikurangi margin replicate those obtained from previous 
earthquake and seismic refraction studies but may also an artefact of coarse model 
parametrization (Reyners et al., 2006). However, as these high velocities occur along  
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the margin at many times the nodal grid spacing, the high velocities appear to be a real 
feature of the slab. A ~3% (0.25 km/s) increase in P-wave velocities at slab mantle 
depths occurs southwards across the transition between volcanic and non volcanic 
sections of the margin (Fig. 7). This increase in velocity may reflect a reduction in the 
degree of serpentinization towards the south (Carlson & Miller, 2003). Alternatively, 
high slab velocities in the south may represent an anhydrous eclogite root to the 
Hikurangi Plateau, created during formation of the plateau or later during failed 
Cretaceous subduction along the Gondwana subduction margin (Reyners et al., 2011). 
 The distribution of intraplate seismicity also indicate an along strike changes in 
the hydration of the slab. At depths of 40-50 km, relocated seismicity show a broad 
distribution (~100 km width) of earthquakes through the crust and mantle of the slab in 
the northern Hikurangi margin tapering to widths of 20-30 km toward the south (Fig. 
7a). The southern limit of the lower seismic zone within the slab mantle (eastern-most 
events in this depth range) in the northern Hikurangi margin is associated with 
southward transition to a high velocity region. At 60-70 km depth, the distribution of 
earthquakes shows a clearly defined upper (western) and lower (eastern) Benioff-zone 
in the northern Hikurangi margin that does not continue toward the south (Fig. 7b). The 
presence or absence of seismicity in the slab mantle indicates differences in the degree 
of dehydration between the northern and southern Hikurangi margin and is discussed in 
section 5. 
 Differentiating between the origin of complementary changes in the velocity 
structure and curvature of the subducting plate from north (low velocities, high 
curvature) to south (high velocities, low curvature) along the Hikurangi margin makes 
little difference to the degree and depth extent of hydration interpreted along strike. For 
example, do high velocities reflect a lower fluid content due to less bending related 
faulting or do the high velocities reflect a stronger slab (i.e. with an eclogite root) that is 
less faulted and consequently contains less fluid? Either way, in the northern Hikurangi 
relatively low slab velocities, the presence of a double Benioff-zone and large 
magnitude (MW 7) normal faulting earthquakes rupturing to mantle depths in close 
proximity to the trench would suggest hydration of the lithosphere could be pervasive. 
To the south of the southern limit of volcanism, high slab velocities, a weak to absent 
double Benioff-zone and lower maximum magnitude (MW < 6.3) of bending related 
normal faulting earthquakes far from the trench would suggest slab hydration is limited 
in degree and depth extent. In the following section I examine the distribution of 
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Benioff-zone earthquakes at intermediate depths (50-350 km) along the Hikurangi 
margin for evidence that dehydration of the subducting lithosphere decreases 
southwards in concert with changes in hydration inferred near surface.   
 
5. Dehydration of the subducting slab 
Slab dehydration accompanies subduction which is generally associated with volcanic 
arc formation (Gill, 1981; McCulloch & Gamble, 1991). The release of fluids from the 
stepwise and continuous dehydration of hydrous phases throughout the crust and mantle 
of the subducting slab is believed to promote brittle failure (i.e. earthquakes) through 
elevated of pore fluid pressures (Kirby et al., 1996; Manning, 2004). The ascent of these 
fluids from the slab into the hot core of the mantle wedge (ca. 1300 °C) induces ‘wet’ 
partial melting and the formation of volcanic arcs (Gill, 1981; Schmidt & Poli, 1998). 
Dehydration of most of the hydrous phases in the subducting crust, such as amphibole, 
should occur at depths shallower (i.e. 65-90 km) than arc magma generation and 
therefore it has been proposed that the majority of fluids inducing ‘wet’ partial melting 
are likely to originate from a hydrated slab mantle (Schmidt & Poli, 1998; Hacker et al., 
2003; Eberhart-Phillips & Bannister, 2010). The correlation between patterns of 
intermediate depth seismicity and the locations of predicted hydrous minerals led 
Hacker et al. (2003) to propose the hypothesis that the rate of Benioff-zone seismicity 
should be proportional to the degree to which the subducted lithosphere is hydrated. 
Benioff-zones have a number of universal features (for review see Hacker et al., 2003) 
which, important for this study, include the presence of distinct upper and lower seismic 
zones separated vertically by an aseismic or weakly seismic zone (Hacker et al., 2003; 
Brudzinski et al., 2007).    
 The rate of Benioff-zone earthquakes correlate with the location and 
productivity of volcanism along the Hikurangi margin. By far the greatest number of 
earthquakes in the slab occur over depths of 130-210 km at the latitude, and west of the 
central rhyolite dominated segment of the TVZ (sections N1 and North) (Fig. 8, see Fig. 
3 for location of sections). This section of slab has at least twice the number of 
earthquakes as adjacent sections over the same depth range (Appendix 2). North of the 
central TVZ (section N2 and Offshore) a comparable number of earthquakes occur over 
a larger depth range (130-290 km) but with lower maximum frequencies than the central 
TVZ sections (e.g. < 125 verses 350-400). Immediately south of the central TVZ  
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(section C1 or Central) a relatively small frequency peak in seismicity occurs between 
180-230 km. Further to the south towards the end of the seismically active slab, no 
significant peaks in seismicity occur which is limited to depths of < 250 km.  
 The distribution of seismicity within the subducting lithosphere provides 
information about which hydrous minerals are most likely to be dehydrating. To 
investigate the depth distribution of earthquakes within the slab I perform a simple 
coordinate rotation of relocated seismicity (Brudzinski et al., 2007) in slab dip-parallel 
profiles that correspond to depth ranges where amphibole in the slab crust (50-90 km) 
and serpentinite in the slab mantle (130-210 km) predominantly dehydrate (Fig. 9) 
(Schmidt & Poli, 1998). Sections along the Hikurangi margin clearly show the 
dominance of dehydration of hydrous minerals in the crust (upper seismic zone) at 
depths of 50-90 km and serpentinite in the mantle (lower seismic zone) at depth of 130-
210 km. Profiles from along the margin show a similar distribution and frequency of 
upper zone seismicity between depths of 50-90 km where maximum frequency peaks 
occur within 8 km of the interpreted slab surface (Fig. 7a). The Offshore and South 
sections have pronounced lower seismicity zones extending to depths ~40 and 30 km 
within the slab mantle, respectively. The separation between maximum frequency peaks 
of the upper and lower seismic zones in the Offshore and South sections is 24 ± 2 km, 
typical of normal oceanic slabs ~120 Myr in age (Brudzinski et al., 2007) and consistent 
with the age inferred for the Hikurangi Plateau (Taylor, 2006; Davy et al., 2008). The 
frequency of seismicity in the North section between 130-210 km indicates significant 
rates of dehydration (i.e. at least twice that of other sections) occur at depths of ~12-32 
km within the mantle of ‘normal’ 120 Ma old oceanic lithosphere (Brudzinski et al., 
2007) or the lower crust-upper mantle of the Hikurangi Plateau (Davy et al., 2008; 
Reyners et al., 2011).  
 Focal mechanisms from the slab at depth (50-350 km) show the slab is 
predominantly in down dip extension. Similar to the focal mechanism from the shallow 
slab, rotation of RMT focal mechanisms ≥ 50 km (N= 124) (Fig. 6) to remove the dip of 
the slab shows near vertical P axes (mean 069/65°) and horizontal T axes (mean 
329/12°) (Fig. 6b). Again the majority of the data (79%) come from the volcanic portion 
of the margin. The kinematic extension direction (T axes) of intraplate faulting at depth 
is consistent with that at shallow depths (≤ 50 km) (127º), and coupled with near 
vertical kinematic shortening direction (P axes) normal to the slab surface, indicate 
normal faults forming to accommodate bending of the shallow slab near surface are  
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preferentially reactivated at depth. While the predominant deformation in the slab is 
extensional, similar to shallow intraplate earthquakes, the scatter of P and T axes 
indicates complex reactivation of pre-existing faults in a variety of orientations. These 
pre-existing faults may have formed by a number of mechanisms including rifting of the 
plateau (Appendix Fig. 4) and bending of the slab prior to subduction in the Cretaceous. 
Faults related to prior rifting of the Hikurangi Plateau approximately normal to the 
trench (parallel to the Raphuia Scarp) (Davy et al., 2008) (Appendix Fig. 4) are now 
being dissected by bending-related faults parallel to the trench which, dependent on 
their mutual spacing, may result in significant weakening of the crust allowing the free 
flow of fluids into and out of the mantle. 
 In summary, the distribution and rate of Benioff-zone seismicity below 50 km 
depth indicate that the depth and degree of dehydration in the subducting slab decreases 
southwards. While the frequency of earthquakes in the upper seismic zone (slab crust) 
are approximately equivalent along strike, the depth distribution of earthquakes in the 
lower seismic zone (slab mantle) contrasts between the northern and southern Hikurangi 
margin. These observations support the hypothesis that it is the degree and/or depth of 
hydration in the subducting mantle lithosphere that is the key factor in determining 
whether sufficient fluid is released to induce ‘wet’ partial melting in the mantle wedge 
and the formation of arc volcanoes (Hacker et al., 2003). In the next section, I examine 
how and why the hydration of the slab may vary along the Hikurangi margin. 
 
6. Fluid flux and volcanism  
Variability in the style and production rates of volcanism along the Hikurangi margin 
can be understood when the hydration (and subsequent dehydration) of the subducting 
slab is considered. In the northern Hikurangi margin, the highest rates of strain 
associated with the bending of the incoming plate are occurring beneath the accretionary 
prism in close proximity to the trench and the ocean (Fig. 1). Here abundant free fluids 
from subducted sediments (Eberhart-Phillips & Chadwick, 2002) and pervasively 
faulted crust of the subducting slab are available to be transported to mantle depths 
through large bending related normal faults (capable of MW 7 earthquakes). While 
aftershock sequences of large normal faulting earthquakes beneath the shallow 
interplate zone (3-20 km depth) extend at least 20 km into the slab, seismicity indicates 
brittle deformation and potential for significant hydration to depths of at least 40 km  
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Figure 10. Relationship between shallow bending-related and deep dehydration-related seismic-
ity. (a) GeoNet earthquake catalogue events (1988-2010, ML ≥ 4) ≤ 50 km (red circle outlines) 
through interplate zone and 130-210 km (black circle outlines) in slab. Vast majority of earth-
quakes in interplate zone are within subducting slab. TVZ calderas active in last 1.6 Ma shown 
by thick red lines (Wilson et al., 1995). Pacific plate motion vector relative to fixed Australian 
plate for last 16 Myr  (grey arrow) (Cande & Stock, 2004). (b) Earthquake frequency along strike 
corrected for obliquity of Pacific Plate motion vector. Note the coincidence of modes for inferred 
hydration and dehydration seismicity. 
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(Fig. 9). Towards the southern Hikurangi margin bending of the slab does not occur 
until well beneath (> 20 km depth) the continental crust of the North Island where the 
availability of free fluids is reduced and the maximum magnitude of intraplate 
earthquakes (MW ≤ 6.3) is lower than the northern Hikurangi margin (Fig. 1).  
 The mantle of the subducting Pacific plate is the main source of fluids 
contributing to the ‘wet’ partial melting of the mantle wedge and arc volcanism in the 
North Island. The contribution of fluid from the slab mantle is illustrated by the location 
of back arc volcanism in the western North Island. Here, a high-K andesite 
stratovolcano (Mt. Taranaki) (Price et al., 1999) is located near vertically above 
anomalously high rates of seismicity (relative to the distribution up dip) in the slab 
mantle centred at a depth of ~215 km (Fig. 8, see Fig. 2c for location). If these high 
rates of seismicity in the mantle reflect dehydration embrittlement reactions (Schmidt & 
Poli, 1998; Hacker et al., 2003) then the partial melts for the high-K series magmas 
forming Mt. Taranaki have a slab mantle source. By contrast dehydration of the 
subducting Pacific plate crust at depths typically < 90 km (Fig. 9) is approximately 
uniform along strike and releases an insufficient volume of fluid to induce ‘wet’ partial 
melting of the mantle wedge and resultant arc volcanism. The relative paucity of slab 
mantle dehydration in the southern Hikurangi margin may account for the absence of 
volcanism in this region. 
 The high frequency of earthquakes beneath the central TVZ imply extensive and 
rapid dehydration of the crust and upper mantle of the Pacific plate is occurring at 2-3 
times the rate of the slab section immediately to the north (between depths of 130-210 
km) (Fig. 8) (Appendix 2). The maximum rate of seismicity (~160 km depth) occurs in 
the slab 25-35 km west of, and parallel to, active TVZ rhyolitic calderas which have 
produced at least 6000 km3 of magma over the last ~1.6 (Fig. 10) (Wilson et al., 2008). 
These high rates of seismicity in the slab are associated with the lowest Qp in the 
mantle wedge which is indicative of high temperatures and fluid saturation (Eberhart-
Phillips et al., 2008), and only occur over an along strike distance of ~100 km consistent 
with the dimensions of the rhyolite dominated section of the TVZ (Wilson et al., 1995).  
The correlation between high rates of slab seismicity and the spatial extent of rhyolitic 
volcanic systems suggest that elevated fluxes of slab-derived fluids into the mantle 
wedge is a key driver for the high volcanic production rates observed in the TVZ. High 
flux rates of fluids into the mantle wedge would also decrease its viscosity and increase 
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its temperature promoting the uplift of the central North Island associated with 
volcanism. 
 The highest frequency of plate bending earthquakes (interpreted to facilitate slab 
hydration) in the shallow slab sits on the same plate motion path as the high frequency 
of events beneath the central TVZ. I highlight the relationship between the frequency of 
shallow and deep slab seismicity by performing a static shift of earthquake frequency 
profiles along strike to account for the obliquity of the Australia-Pacific relative plate 
motion vector (Fig. 10). The spatial distribution of these shallow slab earthquakes is 
similar in extent to the dimensions of the slab section with high seismicity rates at depth 
and the rhyolitic segment of the TVZ (Fig. 10). The highest density of earthquakes in 
the subducting plate inferred to arise from bending occur in the northern Hikurangi 
margin where the subducting plate transitions from oceanic crust to Hikurangi Plateau 
and the overriding plate changes from oceanic to continental crust (Davy et al., 2008; 
Bassett et al., 2010). The spatial coincidence of seismicity and these mechanical 
boundaries is consistent with the notion that they focus faulting in the subducting plate. 
 The depth, location and degree of hydration in the subducting slab is a key 
determinant in the location and dehydration of the plate and productivity of arc 
volcanism in the North Island, New Zealand. For the slab hydration-dehydration cycle 
proposed the analysis of plate motion vectors of Cande & Stock (2004) indicates fluid 
residence time of 7 to 10 Ma. Hydration of the slab continues today and assuming that 
plate motions and subduction continue volcanism in the central North Island could be 
expected to continue to at least a further 7 Myr. By contrast the levels of slab hydration 
and dehydration in the southern Hikurangi margin provide little basis to suggest that 
volcanism will migrate southward into this area in the future. 
 
7. Conclusions  
The origin of the high rates of volcanic productivity and heat flow in the TVZ is an 
important question. A model associated with the subduction zone water cycle is 
advanced in which volcanism and high heat flow are promoted by high rates of 
dehydration of the slab mantle at depths of 130-210 km parallel with, and immediately 
to the west of, the TVZ. Benioff-zone seismicity is inferred to reflect dehydration 
embrittlement of the previously hydrated slab. The high rates of dehydration in the slab 
beneath the TVZ lie on a common plate motion path with high rates of seismicity and 
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normal faulting beneath the accretionary prism at the northern end of the Hikurangi 
margin. In this high strain zone where overriding and subducting plate crustal 
composition and thicknesses change, bending of the Pacific plate is accomplished by 
large (MW > 7) normal-faulting earthquakes that rupture at least 20 km into the 
subducting lithosphere. The proximity of abundant oceanic fluids to the location of 
normal faulting decreases southward along the margin. In addition, the maximum 
magnitude of intraplate normal-faulting earthquakes, slab curvature and Benioff 
seismicity decrease south from the high strain zone in the northern Hikurangi margin. 
These decreases are inferred to limit slab hydration in the southern Hikurangi margin 
where insufficient water is liberated from the slab to promote melting in the mantle 
wedge and produce arc volcanism. The depth and extent of hydration in the slab mantle 
is a key determinant for the location and productivity of volcanic centres across the 
North Island. 
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Chapter 5 
Geometry of the subducting Pacific plate along New 
Zealand’s Hikurangi subduction margin since 20 Ma 
Abstract 
Evolution of the subducting slab geometry beneath the North Island, New Zealand, has 
been investigated using a combination of published arc-type volcanic ages and the 
locations of earthquakes in the subducting Pacific plate. Present day arc-slab relations 
show the depth to the slab beneath active arc-front volcanoes is, on average, 85 km 
beneath the central North Island. Arc-front volcanoes have migrated southeast by 150 
km in the last 8 Ma (185 km since 16 Ma) sub-parallel to the present active arc. 
Migration of the arc is interpreted to mainly reflect slab rollback northeast of New 
Zealand along the Tonga-Kermadec subduction system and fixed hinge slab steepening 
beneath the central North Island. The strike of the Pacific plate beneath the North 
Island, imaged by Benioff zone seismicity (50-200 km) and positive mantle velocity 
anomalies (200-600 km) is parallel to the northeast trend of arc-front volcanism. Arc 
parallelism since 16 Ma is consistent with the view that the subducting plate beneath the 
North Island has not rotated clockwise about vertical axes. The stability of arc-front 
trends and strike of the slab contrasts with clockwise vertical-axis rotations of ≥ 30º 
over the last 10 Myr of the overriding plate along the eastern and southern Hikurangi 
margin. The variable rotation rates may be accounted for by differential interplate slip 
on the subduction thrust along the Hikurangi margin (higher in the north than the south). 
Acceleration of arc-front migration rates (~4 mm/yr to ~18 mm/yr), eruption of high 
Mg# andesites, increasing eruption frequency and size, and uplift of the over-riding 
plate indicate an increase in the hydration, temperature, and size of the mantle wedge 
beneath of the central North Island from ~7 Ma. 
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Figure 1. Schematic end-member models for the trenchward migration of arc volcanism through 
the evolution of subducting slab geometry. (a) Trenchward rollback of the subduction hinge (e.g. 
Molnar & Atwater, 1978; Schellart, 2005). (b)  Slab steepening with fixed trench location. 
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1. Introduction 
 The geometry of plate boundaries and the relative motions of juxtaposed plates 
typically change on timescales of millions to tens of millions of years. Along many 
subduction margins, the strike and/or dip of the down-going plate has changed through 
time (Walcott, 1987; Gutscher et al., 2000; Sdrolias & Muller, 2006). Spatial and 
temporal changes in slab geometry have been attributed to a number of factors including 
variations in; the age, thickness and composition of the subducting plate, the rate and 
total amount of subduction, and the viscosity of the mantle wedge (Molnar & Atwater, 
1978; Gutscher et al., 2000; Billen & Gurnis, 2001; Lallemand et al., 2005; Royden & 
Husson, 2006; Sdrolias & Muller, 2006; Manea & Gurnis, 2007).  As the location of arc 
volcanism and style of upper plate deformation is dependent on the interplay between 
some or all of these factors (England et al., 2004; Syracuse & Abers, 2006; Wallace et 
al., 2009a), understanding how the slab geometry changes through time leads to a more 
complete understanding of mantle wedge processes and the underlying causes of upper 
plate deformation. 
 Slab rollback, the seaward migration of the subduction-hinge induced by the 
negative buoyancy and gravitational instability of the subducting plate as it founders 
and sinks into the mantle, is considered one of the principal mechanisms responsible for 
the migration of volcanic arcs and back-arc extension in over-riding plates at subduction 
margins (Fig. 1) (Molnar & Atwater, 1978; Lallemand et al., 2005; Schellart, 2005; 
Sdrolias & Muller, 2006; Manea & Gurnis, 2007). Back-arc extension and associated 
vertical-axis rotations have also been attributed to upper plate processes, including 
continental collision at subduction terminations (Wallace et al., 2009a), and questions 
remain as to how much upper-plate deformation can be directly attributed to changes in 
the geometry of the underlying plate? The locations and geometries of relict volcanic 
arcs preserve changes in the geometry of the subducting slab over time and provide a 
means of assessing to what extent changes in the slab geometry influence extension and 
vertical-axis rotation of the over-riding plate. 
 In this paper, we examine arc migration in relation to the geometry and 
kinematics of subduction over the last 20 Ma along the Hikurangi subduction margin, 
North Island, New Zealand (Fig. 2). The North Island is situated in a transition zone 
between oblique ocean-ocean subduction along the Tonga-Kermadec trench and 
continent-continent transpression along the Alpine Fault in the South Island. Presently, 
Chapter 5 
 
155 
 
the thickened oceanic crust (12-15 km) of the Hikurangi Plateau (Davy et al., 2008) is 
subducting obliquely westwards beneath the east coast of the North Island at rates of 
39-47 mm/yr (Beavan et al., 2002; De Mets et al., 2010). The modern plate boundary 
configuration has formed since the Eocene through the partial reactivation of the extinct 
Gondwana subduction margin in the North Island and development of the Alpine Fault 
through the South Island (King, 2000). Paleomagnetic data from the emergent North 
Island forearc show clockwise vertical-axis rotations of up to 90° (relative to a stable 
Australian Plate) associated with subduction of the Pacific plate (Wright & Walcott, 
1986; Nicol et al., 2007). Tectonic reconstructions of the Hikurangi margin, either 
implicitly or explicitly, suggest that the dip direction of Pacific plate also rotated 
clockwise over the last 20 Myr. Since the Early Miocene arc volcanism has migrated 
southeast across the North Island (Stipp, 1968; Brothers, 1984; Adams et al., 1994; 
Briggs et al., 2005), and while the migration of arc volcanism is generally accepted, the 
timing, orientation, and relationship to the trench has been widely debated (Ballance, 
1976; Brothers, 1984; Kamp, 1984; Ballance, 1999; Kear, 2004; Stern et al., 2006; 
Booden et al., 2011; Schellart, 2012). 
 We present a synthesis of historical earthquake catalogue data, mantle 
tomography, and arc volcanism along the Hikurangi subduction margin to place 
constraints on the geometry of the slab since the early Miocene (~20 Ma). The 
distribution, age and composition of volcanism in the North Island are from published 
and unpublished data, the main additional contributions to previous studies coming 
from the Taranaki Basin. The data provide insights into the evolution of the slab 
geometry and mantle wedge beneath the North Island since the Early Miocene (~20 
Ma). We show the first-order trend of arc volcanism and the strike of the interpreted 
slab to depths of 600 km vary little since 16 Ma and contrast with the ≥ 30° clockwise 
vertical-axis rotation of the central and southern Hikurangi forearc over this time. A 
rapid southeast parallel migration of volcanism indicates steepening and roll back of the 
slab since ~7 Ma accompanied by the development of a mantle wedge beneath the 
central North Island.  
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Figure 2. Present tectonics and arc-front volcanism of the New Zealand plate boundary superim-
posed on satellite Free Air gravity from Sandwell & Smith (2009). The Hikurangi subduction 
margin forms a transition from oblique westward ocean-ocean subduction along the Tonga 
Kermadec trench to continental collision and transform motion along the Alpine Fault. Main 
Miocene to Recent crustal scale faults (black lines); AF = Alpine Fault, TF = Taranaki Fault, 
VMFZ = Vening Meinesz Fracture Zone. Present arc front volcanic centres (black filled circles), 
TVZ = Taupo Volcanic Zone. Pacific plate motion relative to fixed Australian plate (black arrows) 
in mm/yr (Beavan et al., 2002).
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2. Subduction geometry and arc volcanism  
 2.1 Contemporary geometry of the subducting Pacific plate  
To establish the present relationship between arc volcanism and the geometry of the 
subducting slab we use the top of Benioff zone seismicity as a proxy for the top of the 
down going plate (Nakajima et al., 2001; England et al., 2004; Syracuse & Abers, 2006; 
Eberhart-Phillips et al., 2008). Contours of the top of the Benioff zone to 250 km 
beneath the North Island and northern South Island are based on hypocentres from the 
GeoNet earthquake catalogue (2001-2009) > 50 km in depth (N=32370) relocated using 
the three-dimensional velocity model of New Zealand (3DNZ) (Fig. 3a and b; Appendix 
Fig. 5) (Eberhart-Phillips et al., 2010). To ensure depth accuracy only GeoNet events 
recorded by ≥ 6 stations, with travel time residuals ≤ 0.3 s, and distances of 2 focal 
lengths from the nearest station were relocated (Reyners et al., 2006). A comparison 
between the original GeoNet catalogue (from which previous interpretations of slab 
geometry are based) and the relocated hypocentres (ML ≥ 3.6, N=3012) shows a 
systematic westward relocation (azimuth 274 ± 25°, mean distance 96 ± 50 km, mean 
depth -9 ± 12 km) resulting in a minor shallowing of the slab dip (~5º) below 100 km 
depth and, due to a reduction in scatter, an overall sharpening of the Benioff zone for 
relocated events. By comparison, the top of the slab inferred from the global EHB 
earthquake catalogue by Syracuse & Abers (2006) varies between 5 to 40 km deeper 
than the upper surface of the slab inferred with the local relocated GeoNet catalogue 
(e.g. Fig. 3d). Despite differences in depth, the interpreted top of the slab have similar 
dips over the depth range 50-200 km for different velocity models. For the relocated 
Geonet data used here we estimate uncertainties in the upper surface of the Benioff zone 
are ± 5 km to 100 km depth and ± 10 km at depths > 100 km. 
 To define the present along strike geometry of the slab the top of the northwest 
dipping Benioff zone is visually estimated in map view using 10 km thick seismicity 
slices, we locate the top of the slab by assuming that ~95% of events lie southeast of 
this surface and within the subducting plate (e.g. Fig. 3a; Appendix Fig. 5) (Syracuse & 
Abers, 2006). Seismicity 75 km either side of section lines perpendicular to the regional 
strike of the slab (040°) has been used to estimate changes in the mean dip of the slab 
along strike (Fig. 3b-d) (Eberhart-Phillips et al., 2010).  
 Seismicity in the slab which defines the geometry of the Benioff zone is 
generally limited to depths < 250 km beneath the North Island. At depths greater than  
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Figure 3. Subducted Pacific plate geometry from relocated Benioff zone seismicity. (a) Relocated 
seismicity (2001-2009 ML ≥ 2.5) (white filled circles) and P-wave velocity model of the subduct-ing Pacific plate at a depth of ~110 km . The western limit of seismicity is used to approximate 
the upper surface of the slab (red line). P-wave velocity model (Vp) of Eberhart-Phillips et al. 
(2010) showing the high velocity slab, meaningful velocity information contained within spread 
function contour ≤ 3 (white lines). (b) Interpretation of slab contours (depth in km) (coloured 
lines) in relation to active arc volcanoes (black triangles). Sections of seismicity (thin black lines) 
and location of Vp section line (grey line) for (c) and (d). (c) South section showing seismicity 
with slab surface interpretation . (d) North section with key same as (c). The slab surface of Syra-
cuse & Abers (2006) (red filled circles) projected from 60 km to south shown for comparison. 
Note the difference in slab curvature between southern and northern sections.
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Figure 4. Mantle velocity anomaly sections through the North Island. Global mantle tomography (version 
MIT-P08) primarily incorporates data from the EHB catalogue and is inverted for 3D variations in P-wave 
velocity (dVp) resulting in a spatial resolution of ~100 km in well sampled regions (for details of the 
method and data used refer to Li et al., 2008). Sections (a) and (b) are vertical extensions of those shown in 
Fig. 3c-d, South and North, respectively (for location see Fig. 3b) and include relocated intermediate depth 
seismicity (white filled circles). Positive mantle anomalies (dVp ≥ 0 % deeper blue colours) are inferred to 
represent the aseismic slab at depth. Slab dips shown on each section were estimated from 200-600 km 
depth.
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250 km the presence and geometry of an aseismic slab can be inferred from global 
mantle P-wave tomography (Li et al. 2008 version MIT-P08). We use the positive 
mantle velocity anomaly contour (dVp ≥ 0%) as a proxy for the aseismic portion of the 
subducted slab (Fig. 4). Velocities determined from global mantle P-wave tomography 
and local velocity model (3DNZ) (Eberhart-Phillips et al., 2010) are similar and support 
the use of this proxy. The Benioff zone beneath the North Island correlates well with the 
location of positive mantle velocity anomalies. The positive mantle velocity anomaly 
contour (dVp ≥ 0%) contain ≥85% of the EHB and ≥80% of the relocated GeoNet 
earthquake hypocentres from depths of ~70 to 350 km beneath the North Island and are 
here inferred to show the general strike, dip, and location of the slab beneath New 
Zealand in regions not associated with seismicity (e.g. Fig. 4b; Appendix Fig. 6). By 
combining the upper surface of the slab defined by the Benioff zone with the positive 
mantle velocity contour we show the distribution of the subducted slab beneath New 
Zealand over a greater length scale than previous studies, importantly inferring the 
presence of an aseismic slab beneath the South Island (Reyners et al., 2011) and 
showing the continuity of the slab to at least 600 km beneath the North Island (Fig. 4; 
Appendix Fig. 6). 
   
 2.2 Arc volcanism in the over-riding Australian Plate 
To estimate the location, depth, and geometry of the subducting slab over the last 20 
Myr we map the location and the maximum age of subduction-related volcanism 
onshore and offshore of the North Island (Fig. 5). To complement these volcanic age 
data from continental New Zealand, we also incorporate recent age data that place 
constraints on island arc and seafloor formation to the north of New Zealand (Mortimer 
et al., 2010).  
 Volcanic centres mapped and dated in this study mainly formed Island arcs 
above the subducting Pacific plate. The Island arc interpretation is supported by the 
observed incompatible trace element enrichment (e.g. Rb, Ba, and K), negative 
anomalies for the high field strength elements such as Nb and Ti, and the full spectrum 
of low- to high-K calc-alkaline basaltic to rhyolitic compositions commonly associated 
with subduction-related volcanism (Bergman et al., 1992; Price et al., 1999; Briggs et 
al., 2005; Booden et al., 2010). Island arc compositions presently sampled in the 
western North Island differ from those in the east by having more primitive Sr-Nd  
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Figure 5. Maximum age of arc volcanism across onshore and offshore North Island. See main text 
for references. From ~20 Ma there is a southeastward younging in the maximum age of arc volca-
nism towards the Taupo Volcanic Zone (e.g. Brothers, 1984). Ages from seamounts in SW Fiji 
Basin cluster around ~20 Ma (Mortimer et al., 2007). Right lateral displacement along the Vening 
Meinesz Fracture Zone inferred to have emplaced Northland Plateau and Colville Ridge in 
current location by ~16 Ma (Mortimer et al., 2010; Herzer et al., 2011).
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isotopic ratios, indicative of greater mantle source depletion and a lower degree of 
crustal contamination, the likely the result of decreases in crustal thickness from east to 
west (Bergman et al., 1992; Price et al., 1999; Booden et al., 2011). The most-recent 
back-arc volcanism in the western North Island is associated with eroded and active 
high-K calcalkaline stratovolcanoes of the onshore Taranaki Peninsula. Taranaki 
volcano compositions are consistent with lower degrees of partial melting and greater 
influence of slab fluids than those associated with the present arc-front ~130 km to the 
east (Price et al., 1999). These Taranaki volcanoes show distinctive Island arc chemistry 
(e.g. low Ce/Pb ratios and high Ba/Nb ratios relative to N-MORB) and do not appear to 
require more complex models involving crust or magmas derived from lithospheric 
mantle (Price et al., 1999). The presence of Island arc volcanism in the Taranaki Basin 
is also constrained by drillcore samples from a long-lived submarine low- to medium-K 
calcalkaline stratovolcano complex (Kora) (Fig. 5) (Bergman et al., 1992). Further north 
in offshore Northland, volcanic centres overlap in space and time with onshore 
volcanoes that also have Island arc compositions and are considered to be Island arc 
(Hayward et al., 2001).  
 The locations and ages of volcanoes have been used to track the migration of the 
arc across northern New Zealand since ~20 Ma. The temporal and spatial analysis of 
volcanic arc migration in relation to slab geometry assumes magma ascent from source 
to surface is effectively instantaneous over the million-year timescales investigated. 
This assumption is reasonable given U-Th isotope disequilibria from arc lavas indicate 
transport times from slab-fluid release to eruption can be less than a hundred thousand 
years (Turner & Hawkesworth, 1997). Individual volcanic centres (particularly in the 
Taranaki Basin and the northern Coromandel Peninsula) record sporadic episodes of 
eruption over periods as long as 12 Myr, though the majority were active for ≤ 3 Myr 
(Bergman et al., 1992; Adams et al., 1994; Houghton et al., 1995; Hayward et al., 2001; 
Briggs et al., 2005; Giba et al., 2010). The age data used in this study is from published 
(Briggs et al., 1989; Bergman et al., 1992; Black et al., 1992; Adams et al., 1994; 
Alloway et al., 1995; Burt et al., 1996; Herzer, 1995; Houghton et al., 1995; Wilson et 
al., 1995) (Hayward et al., 2001; Gamble et al., 2003; Briggs et al., 2005; Mortimer et 
al., 2007; Townsend et al., 2008; Cameron et al., 2010; Mortimer et al., 2010; Leonard 
et al., 2011) and unpublished sources (Stipp, 1968; Middleton, 1983; Robertson, 1983; 
Smith, 1986; Henry, 1991; Giba, 2010) (Fig. 5).  
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 The majority of onshore samples have whole rock chemical analyses and 
radiometric dates (Ar-Ar, K-Ar) with mean standard errors < ± 0.6 Ma. Radiometric 
ages from volcanic centres in offshore Northland, offshore Taranaki Basin and the 
South Fiji Basins are rare. In the offshore Northland and Taranaki Basins the age of 
volcanic centres are mainly constrained by the age of sedimentary rocks that underlie, 
onlap, and drape volcanic centres imaged on 2D and 3D seismic-reflection lines 
(Herzer, 1995; Giba et al., 2010). The ages of stratigraphy that enclose the volcanic 
centres were determined by correlation of seismic reflectors to wells and typically have 
uncertainties of ±1-2 Myr (Giba et al., 2010). Where radiometric and stratigraphically 
correlated ages have been determined for the same location (e.g. Kora) (Fig. 5), the 
maximum age for the onset of volcanism is within error (Bergman et al., 1992; Giba, 
2010). To be considered active over a particular time interval the age of a volcanic 
centre (including uncertainties) must be partly or entirely contained within the time 
interval of interest. Sensitivity tests suggest that varying the duration and absolute limits 
of these time windows down to as little as 1 Myr intervals does not significantly modify 
our first-order conclusions on the evolution of arc trends and plate geometry.  
 
3. Contemporary slab geometry and arc volcanism  
The relationship between the present geometry and motion of the slab and the 
distribution of arc volcanism provide information on the evolution of slab geometry and 
its relationship to upper plate deformation. The present geometry of the slab is defined 
by the Benioff zone and by positive mantle velocity anomalies. Consistent with 
previous studies (Eberhart-Phillips & Bannister, 2010), we interpret the slab as a 
continuous unbroken feature extending from the active subduction zone in the northern 
North Island to the southern limit of intermediate depth seismicity in the northern South 
Island (chapter 6). In map view, contours of the top of the Benioff zone beneath the 
northern and central North Island generally strike ~040-050°, sub-parallel to the ~036° 
trend of active arc-front volcanoes, and oblique to the 020-030° trend of the east coast 
and structural fabric of the upper plate in the southern North Island (Fig. 3b) (Mortimer, 
2004). Lateral bends or segmentation of the subducting plate beneath the North Island 
have previously been inferred from the distribution and trend of seismicity in the 
Benioff zone (Fig. 3d) (Reyners, 1983; Robinson, 1986). A pronounced 15-20° 
trenchward inflection of the contoured slab surface is interpreted here in the southern  
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Figure 6. Active arc volcanism (red or black filled circles) across onshore and offshore North 
Island since the Early Miocene superimposed on mantle velocity anomalies (Li et al., 2008) at 
depth. See main text for volcanic age references. Alignment of eastern-most active arc volcanism 
trends sub-parallel to the underlying positive velocity anomalies (dVp ≥ 0%) (i.e. subducted slab). 
The trend of positive velocity anomalies (dVp ≥ 0%) (blue colours) in each depth slice approxi-
mate trend of trench during the associated time interval.  Relative motion path of Pacific plate 
relative to a fixed Australian plate (black line) calculated from Cande & Stock (2004) from 33 Ma 
to youngest age in time interval indicates an approximate motion vector to sub-arc position.
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North Island (~40°S). This inflection has been interpreted by Robinson (1986) to reflect 
a ~7 km downward step to the south in the top of the slab at a depth of ~50 km. 
 The average dip of the slab between 50-200 km depth (Syracuse & Abers, 
2006), decreases southwards by ~7° from 55° in the north section to 48° in the south 
section (Fig. 3c,d) and is consistent with a southward increase in the radius of curvature 
for the slab between depths of 15 to 45 km (Ansell & Bannister, 1996). The along strike 
decrease in slab dip is also supported by depth-converted seismic reflection profiles of 
the shallow plate interface (5-18 km depth) beneath the accretionary prism where dips 
of ~10-18° in the northern Hikurangi margin shallow southwards to ~6° (Barker et al., 
2009).  This southward shallowing of the slab may be due to the presence of stronger, 
thicker lithosphere associated with the Hikurangi Plateau to the south and/or southward 
decreasing convergence rates (Wallace et al., 2009b). 
  Positive mantle velocity anomalies (dVp ≥ 0%) provide a first-order estimate of 
the location and trend of the subducted slab beneath the Benioff zone (van der Hilst, 
1995). The aseismic slab extends to depths of at least 600 km beneath the North Island 
and to depths of ~250 km beneath the South Island, ≥ 200 km south of the southern 
limit of slab seismicity (Li et al., 2008) (Fig. 4 and 6). The depth extent and trend of the 
tomographically imaged slab is supported by deep earthquakes (~600 km) beneath the 
western North Island (Boddington et al., 2004) (Appendix Fig. 6), while the inference of 
an aseismic slab extending to at least 43°S beneath the South Island is consistent with 
the fossil Gondwana slab imaged by a deep seismic reflection line beneath the Chatham 
Rise at this latitude (Davy et al., 2008) (Appendix Fig. 4). The first-order strike of the 
slab to depths of 600 km is northeast, similar to the present day trend of the margin (Fig. 
6). In cross section, positive mantle velocity anomalies indicate a general southward 
decrease in slab dip of up to ~20º (70 ± 5° to 62 ± 10° from northern to southern 
Hikurangi margin, respectively) along the margin between depths of 200 to 600 km 
(Fig. 4). 
 The active arc-front in the North Island is 85 ± 10 km vertically above the 
subducting slab, decreasing systematically from ~100 km beneath White Island to 75 
km beneath Ruapehu (Fig. 3b). The depth to the slab in the North Island is consistent 
with global compilations where 50% of all arc volcanoes lie between 85 and 119 km 
above the subducting slab (median 100 km) (Syracuse & Abers, 2006). We therefore 
assume that a 90 ± 15 km vertical arc-front to slab separation has also applied for at 
least the last 16 Ma along the Hikurangi Margin and that arc-front locations at different  
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Figure 7. Maximum age of arc volcanism at distances normal to the strike of the active arc front. 
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times provide a proxy for the ~90 km depth contour on top of the slab. Because of 
variations in the vertical arc-front to slab separation along the Hikurangi margin (± 10 
km) and uncertainties in depth to the upper surface of the slab (± 5 km), the location of 
the ~90 km depth contour can only be considered first-order. 
 
4. Arc migration  
Volcanic arcs indicate the presence of an underlying subducting slab (Syracuse & 
Abers, 2006). The migration of arc volcanism indicates temporal changes in the slab 
geometry (dip and/or strike) and thermal structure of the mantle wedge. These changes 
have generally been related to changes in the geometry (dip and/or strike) of the 
underlying slab (Brothers, 1984; Gutscher et al., 2000b). Global compilation of arc-slab 
relations show the depth to the slab beneath arc-front volcanism systematically varies 
on average by less than a few ten’s of kilometres within arc segments (Syracuse & 
Abers, 2006) and as the alignment of arc-front volcanoes is sub-parallel to the strike of 
the underlying slab, changes in the location and strike of arc-front volcanism over time 
can be used to infer changes in sub-arc slab geometry (Manea & Gurnis, 2007). 
 Previous studies have utilized the trend and southeast migration of North Island 
onshore volcanic arcs to infer evolution in geometry of the subducting slab since Early 
Miocene (e.g., Ballance, 1976; Brothers, 1984). These studies point to a general 
steepening of a westward dipping slab with time, however the narrow width of the 
northern North Island, combined with the limited number of offshore samples, resulted 
in ambiguous arc-front trends through the North Island prior to 2 Ma (Brothers, 1984; 
Stern et al., 2006). To overcome previous difficulties in defining ancient arc-front 
locations and trends since 20 Ma, we have collated a large data set of ages for offshore 
and onshore volcanic centres; importantly these include higher resolution age estimates 
for volcanism in the Taranaki Basin (Giba, 2010; Giba et al., 2010) than previously 
available and recently published radiometric ages and compositions from the South Fiji 
Basin and Colville Ridge (Mortimer et al., 2007, 2010) (Fig. 5). Prior to 20 Ma, there is 
on-going debate as to the polarity of subduction that resulted in the close spatial and 
temporal relationships between emplacement of allochthons across the north-eastern 
continental margin of the North Island and northwest-southeast aligned Northland arc in 
the Early Miocene (Herzer, 1995; Hayward et al., 2001; Mortimer et al., 2007; Booden 
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et al., 2011; Schellart, 2012). While outside the scope of this paper, we discuss 
subduction polarity and plate reconstructions on which they are based in Chapter 6. 
 The south-eastern margin of volcanic arcs trended approximately northeast over 
the last 20 Myr and migrated southeast with time. The arc locations and approximately 
constant arc trends are illustrated for 4 Myr time intervals in Fig. 6. For each time 
interval arc data are complemented by mantle velocity anomalies that show the present 
trend of the slab which was passing through the interplate zone when the youngest 
volcanoes in each time interval formed. For each of the time intervals over the last 16 
Myr the trend of the slab (as determined from mantle velocity anomalies) and the 
volcanic arcs are approximately parallel. This parallelism supports the argument that the 
strike of the slab has not changed since it commenced subduction (i.e. steady-state) 
(Billen & Hirth, 2007) and travelled along the trajectories indicated by the thick black 
lines in Fig. 6. From 16 Ma to the present the sub-parallel eastern margin of arc 
volcanoes and the trend of the positive mantle velocity anomalies indicate the slab strike 
was approximately northeast (~036°) over this time interval. The available data provide 
no support for suggestions that the volcanic arc and/or the subducting plate rotated 
clockwise over the last 4 Myr (see Stern et al., 2006). Prior to 16 Ma the trends of 
volcanic arcs are ambiguous and do not provide conclusive evidence for the strike of the 
underlying slab. If, however, positive mantle velocity anomalies define the trend of the 
slab between 16 and 24 Ma (as they appear to do after 16 Ma), then the slab may also 
have had a northeast to north-northeast strike immediately to the north of the North 
Island continental margin. By 16 Ma relative plate motion rates had reached 
approximately 85% of the present day where subduction of slab to sub-arc depths takes 
6-7 Myr (Cande & Stock, 2004; De Mets et al., 2010), therefore the eruption of arc 
volcanism along a northeast trend from 16-17 Ma would require subduction along a 
parallel trend from at least 22 Ma. 
 Well defined arc-front trends parallel to the present (030-040º) since 16 Ma (Fig. 
6) are broadly consistent with previous studies (Brothers, 1984), and shows that ~185 
km southeast migration  of the arc-front was also parallel. The arc-front at 8 Ma is ~150 
km from its present location in the TVZ, comparable to the distance between the extinct 
Colville and active Kermadec arcs to the northeast in the South Fiji Basin (130-140 km 
separation). Migration of the arc front indicates that the ~90 km depth contour of the 
subducting slab beneath the North Island has migrated southeast over time. The rate of 
south-eastward migration of the arc-front changed by a factor of three or more at about 
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7 Ma. The maximum age of all arc volcanic centres and their distances perpendicular to 
the present arc-front indicate average arc migration rates of 4 ± 1 mm/yr between 16-7 
Ma accelerating to 18 ± 3 mm/yr from ~7 Ma to present (Fig. 7). The high migration 
rates since ~7 Ma estimated from all data in Fig.7 are, within the uncertainties, 
consistent with migration rates of 14-21 mm/yr estimated from individual volcanic 
centres in the North Island. On the Taranaki Pennisula, for example, volcanic centres < 
2 Ma in age have migrated southeast at rates of ~15 mm/yr while migration rates of 21 
± 3 mm/yr have been estimated for volcanic centres in the central North Island since 6 
Ma (Cole et al., 1995). Acceleration in the south-eastward arc migration rates point to 
an important increase in the rate of change in the geometry of the subducting plate and 
in the size and rheology of the mantle wedge beneath the North Island. 
 
5. Evolution of slab geometry  
The evolution of the slab location and geometry beneath the North Island has been 
inferred primarily using the migration of the active arc-front and its relation to the 
trench. Two end-member models for the evolution of slab geometry could account for 
the trenchward migration of arc volcanism within the Hikurangi margin. The first model 
involves steepening of slab dip with a fixed subduction-hinge location (Fig. 1a). In the 
slab steepening model the location of the trench is approximately fixed with respect to 
the over-riding plate and the predicted rates of extension in the over-riding plate are 
significantly less (≤ 30 %) than the rates of arc migration. In the second model the 
subduction-hinge migrates seaward with a constant slab dip to produce slab rollback 
(Fig. 1b). In the slab rollback model finite extension in the over-riding plate is 
approximate to the hinge and trench migration distances (Molnar & Atwater, 1978). 
Discriminating between these models using trench locations relative to the over-riding 
plate can be problematic. Along the Hikurangi margin, for example, although the 
deformation front at the trench does not appear to have migrated seaward more than 50 
km since 20 Ma (Fig. 8) (Barnes et al., 2010), the accretion of sediments and clockwise 
rotation of the upper plate make it difficult to determine the precise location of the 
trench at any given time (Fig. 9). Where the amount of trench migration is ambiguous or 
unknown, the total amount or rate of extension in the over-riding plate can be used to 
differentiate between these end member models. 
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Figure 8. Schematic evolution of sub-arc plate geometry. Present day and inferred 90 km slab 
isobath (coloured lines) with associated active volcanism (± 0.5 Ma) (filled circles). For reference 
Kermadec Ridge approximates 100 km slab contour to northeast of North Island (Syracuse & 
Abers, 2006). Late Cenozoic trench location (light blue line) inboard of present deformation front 
is from Barnes et al. (2009). Note the southern limit of arc volcanism in each time interval is 
approximately stationary with respect to slab strike.
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 Despite our imprecise knowledge of paleo-trench preliminary reconstructions of 
the slab suggest it steepened since 8 Ma. The relative motion vector of the Pacific plate 
(with respect to a fixed Australian Plate) determines the long term passage of the slab to 
sub-arc depths (Fig. 9). At the southern limit of volcanism in the North Island, the 
distance from the present trench to the active arc-front is equivalent along relative plate 
motion and dip parallel vectors (~290 km) resulting in an average slab dip to sub-arc 
depths of ~15-17º in both orientations. From preliminary reconstructions of the 
Hikurangi margin at 8 Ma, the ~400 km distance along relative plate motion and dip 
parallel vectors to the southern-most volcanic centres indicates slab dips of ~11-13º. 
Comparison of slab dips at ~8 Ma and today indicates steepening of 2-6º over this time. 
If steepening of slab dip has been the only geometric change occurring over last 8 Ma, a 
~4º increase in the average dip to sub-arc depth would be required to produce the 
observed arc migration. Therefore at the southern limit of volcanism slab steepening 
could account for at least two thirds of the arc migration. The remaining arc migration 
could be due to slab rollback and/or to southward movement of steeper slab arising 
from oblique subduction of the Pacific plate.  
 The inferred slab steepening is dependent on the ~400 km arc-trench separation 
distance at 8 Ma, however, questions remain whether this is unreasonably large. The 
modern Alaskan subduction system has a maximum arc-trench separation of ~460 km 
and demonstrates that our estimated ~400 km is possible (Syracuse & Abers, 2006). 
South-eastern Alaska also demonstrates that where collision and over-riding plate 
vertical-axis rotations are occurring (Wallace et al., 2009a), in particular towards the 
termination of subduction, the strike of the slab at sub-arc depths and trench need not be 
parallel (≥ 30° obliquity). Like the North Island, arc volcanism in south-eastern Alaska 
extinguishes hundreds of kilometres before the end of the seismically defined slab and 
the transition into a transform plate boundary (Syracuse & Abers, 2006; Wallace et al., 
2009a). These relations suggest a common process is operating in both locations and is 
discussed further in section 6. 
 A slab steepening model would require that extension of the overriding plate 
was less than the rate of arc migration. At the latitude of Taranaki Peninsula extension 
in the upper plate since 2 Ma has been ≤ 3 mm/yr which is significantly less than the 18 
± 3 mm/yr arc migration rate over the last ~7 Myr (Wallace et al., 2004; Nicol et al., 
2005; Villamor & Berryman, 2006; Giba et al., 2010). This disparity in rates shows that 
at the southern limit of volcanism increasing slab dip has been an important factor in arc  
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Figure 9. Tectonic model for the evolution of slab geometry beneath the North Island. Map view 
reconstructions for motion of the Pacific plate (PAC) relative to a fixed Australian plate (AUS) 
using total reconstruction poles of Cande & Stock (2004), see chapter 6 for details. To illustrate 
the passage of the slab the lower limit of Benioff zone seismicity is unfolded to horizontal extent 
(red shaded polygon) and motion path of slab from 33 Ma to southern arc volcano (blue lines) is 
shown. Cross-section at 0 Ma created using data from Eberhart-Phillips et al. (2010), Davey et al. 
(1995), Barker et al. (2009), Barnes et al. (2009) and volcanic age data detailed in Fig. 5 with 
references in text. Reconstruction of the Hikurangi margin based on King (2000) and Nicol et al. 
(2007) where the Raukumara Basin (RB) constrains the minimum arc trench distance approach-
ing the North Island (Sutherland et al., 2009). 
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migration. By contrast, to the northeast of the TVZ in the offshore Bay of Plenty, the 
rate of extension is 13-20 mm/yr and comparable to the rate of arc migration (Davey et 
al., 1995; Wallace et al., 2004; Lamarche et al., 2006). The similarity of these values 
indicates that arc migration northeast of New Zealand was produced mainly by slab 
rollback. The gradual northeast increase in extension of the upper plate supports the 
view that the transition from slab steepening to slab rollback dominated systems is 
gradual. 
 The southeast migration of parallel arc trends over the last 16 Ma indicates that 
the strike of the subducting plate remained approximately constant with changes in slab 
dip and rollback. The uniformity of slab strike since 16 Ma is supported by the constant 
northeast trend of the slab at depths > 70 km (Fig. 6) and by the parallelism between the 
extinct Colville and active Kermadec arcs. The implications of uniform slab strike since 
16 Ma are discussed in section 6.2. 
 
6. Discussion  
 6.1 Mantle wedge development 
The mantle wedge (the region of mantle lithosphere lying between the subducting and 
over-riding plates) is the locus of important processes in subduction zones, including arc 
magmatism and back-arc spreading. The dehydration and release of water from 
subducting oceanic lithosphere is mainly a temperature dependent process which lowers 
both the viscosity and solidus of the mantle wedge and promotes the formation of melt 
(Hirth & Kohlstedt, 2003; Billen, 2008; Wada & Wang, 2009; England & Katz, 2010).  
The mantle wedge beneath active arc volcanic centres in the central North Island is 
characterized by low seismic velocities and high attenuation (Qp), indicative of 
temperatures approaching the solidus and the presence of melt and slab-derived fluids 
(Wiens & Smith, 2003; Reyners et al., 2006; Eberhart-Phillips et al., 2008; Li et al., 
2008; Seaward et al., 2008). Beneath the volcanic region in the central North Island, a 
strong seismic attenuation gradient (Qp) (approximated by the location of the volcanic 
front) separates relatively cold, dry and viscous mantle to the east from hot, hydrated 
and flowing mantle to the west (Eberhart-Phillips et al., 2008). Along strike, increasing 
mantle velocity and decreasing attenuation indicates a reduction in the temperature, 
water content, and corner flow of the mantle wedge south of the limit of arc volcanism 
Chapter 5 
 
174 
 
(Carlson & Miller, 2003; Reyners et al., 2006). The hydration and temperature of the 
mantle wedge appears to be a critical determinant for the location of arc volcanism in 
the North Island (see chapter 4). 
 The absence of arc volcanism in the central North Island prior to 6 Ma indicates 
the mantle wedge beneath this region was relatively cold, dry and viscous or not present 
(i.e. crust of the two plates was in contact across an interplate fault). The acceleration of 
southeast arc migration across the North Island commencing at about 7 Ma was 
approximately coincident in time with the initiation of back-arc rifting the length of the 
Tonga-Kermadec trench (Taylor et al., 1996; Wyzocanski et al., 2010). The acceleration 
of arc migration is here proposed to reflect an increase in the rates of slab rollback and 
steepening. These changes in the geometry of the subducting Pacific plate beneath the 
central North Island occurred in association an increase of plate convergence rates and 
reorganisation of plate boundaries in the southwest Pacific beginning ~10 Ma (Croon et 
al., 2008). Changes in plate rates included a 5-10% increase in spreading rates along the 
Pacific-Antarctic Ridge at ~7 Ma, initiation of subduction in southwest New Zealand 
(11-5 Ma), and an increase in convergence across the Alpine Fault at 6-8 Ma (Kamp & 
Tippet, 1993; Walcott, 1998; House et al., 2002; Cande & Stock, 2004; Croon et al., 
2008; Giba et al., 2010). The temporal coincidence of these events may suggest that 
accelerated slab rollback and steepening was triggered by plate wide processes rather 
than processes confined to the Hikurangi margin (chapter 6). 
 The mantle beneath volcanic arcs can have viscosities up to an order of 
magnitude lower than normal oceanic lithosphere due to the flux of fluids from the 
dehydrating slab (Hirth & Kohlstedt, 2003; Manea & Gurnis, 2007). Numerical models 
indicate the viscosity of the mantle wedge is important for determining the style of 
upper plate deformation in collision zones where high viscosities are associated with 
tectonic escape via strike-slip faulting and low viscosities are associated with microplate 
vertical-axis rotation (Wallace et al., 2009a). Numerical models also indicate that the 
introduction of a low viscosity mantle wedge on top of a subducting slab results in a 
steepening of dip over million years, the magnitude of which is dependent on the 
maximum depth and magnitude of viscosity reduction (Manea & Gurnis, 2007). These 
studies suggest that the introduction of a low viscosity mantle wedge beneath the central 
North Island would facilitate vertical axis rotation of the overriding plate and a 
steepening of the subducting plate due through reduction of the viscous forces between 
the two.  
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 A decrease in arc-trench distance associated with a steepening slab through time 
is predicted to increase the flux of slab-derived fluids and/or induce upwelling of hot 
asthenosphere into the mantle wedge (Tatsumi & Tsunakawa, 1992; Manea & Gurnis, 
2007). Increasing the hydration and/or temperature will decrease the viscosity of the 
mantle wedge (Hirth & Kohlstedt, 2003; Billen, 2008). The acceleration of arc 
migration rates at ~7 Ma (Fig. 7), the eruption of high Mg# andesites at the north-
western margin of the TVZ beginning ~6 Ma (Black et al., 1992; Booden et al., 2010), 
uplift of the central North Island since 5 Ma (Pulford & Stern, 2004), and increases in 
the frequency and size of eruptions from these times to the present (Adams et al., 1994; 
Houghton et al., 1995; Carter et al., 2003), are all consistent with an increase in the 
hydration and temperature (and decrease in the viscosity) of the mantle wedge beneath 
the central North Island at this time (~7 Ma).  
 Volcanism in the Taranaki Basin at 14 Ma reached within 75 km of the present 
southern extent of volcanism on the Taranaki Peninsula and indicates a low rate of arc 
migration (~5 mm/yr) parallel to the trend of the margin (Fig. 8) (Giba, 2010). This is in 
contrast to arc-parallel rates of relative plate motion of ~ 30 mm/yr (Cande & Stock, 
2004). Volcanic age data imply a relatively stable south-western boundary exists 
between volcanic and non-volcanic regions of the over-riding plate and in turn 
separation between low to high relative velocities in the mantle wedge (75 km depth 
slice in Fig. 6). A simple mechanism for creating contrasting regions of hot, hydrated 
mantle producing arc volcanism adjacent to relatively cold, dry mantle producing 
insufficient melt to ascend through the crust are along strike variations in the flux of 
slab-derived fluids (chapter 4). In the North Island, inferred low mantle wedge 
viscosities are associated with steeper dips and rollback of the subducting slab along 
with arc volcanism, extension and vertical-axis rotation in the over-riding plate. Higher 
inferred mantle viscosities to the south are associated with shallower slab dips along 
with contraction and strike-slip faulting in the over-riding plate. 
 
 6.2 Vertical-axis rotations 
Clockwise vertical-axis rotations of between ≥ 50º have been widely reported for the 
over-riding plate along the central and southern Hikurangi margin since 30 Ma (Fig. 9) 
(Wright & Walcott, 1986; Walcott, 1987; Nicol et al., 2007; Rowan & Roberts, 2008). 
These rotations have been attributed to the differential rollback of the subducting plate 
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(e.g., Walcott, 1987), to collision of continental crust at the southern termination of 
subduction (e.g., Wallace et al., 2004) or to a combination of both (Wallace et al., 
2009a). The analysis of volcanic arc trends in this paper appear to suggest that the rates 
of vertical-axis rotations in the over-riding plate and the subducting plate have been 
different since 16 Ma. The stability of the volcanic arc trends through the North Island 
since 16 Ma sub-parallel to the strike of the Colville and Kermadec Ridges can be 
interpreted to indicate that the strike of the subducting Pacific plate has not changed 
significantly in this time (Fig. 6). This contrasts with ≥~35º vertical-axis rotations that 
have been recorded by paleomagnetic and geological studies for the eastern and 
southern Hikurangi margin during the last 16 Ma (Wright & Walcott, 1986; Walcott, 
1987; Little & Roberts, 1997; Nicol et al., 2007; Rowan & Roberts, 2008).  
 The disparity in vertical-axis rotations between the plates is consistent with 
upper plate deformation in that they both suggest that interplate slip has been 
substantial. GPS and geological data indicate that along the Hikurangi margin the 
majority of the relative plate motion (≥80%) has been accommodated on the subduction 
thrust (Wallace et al., 2004; Nicol & Beavan, 2003; Nicol et al., 2007). Slip on the 
subduction thrust at least partially decouples deformation between the plates, and 
provides a means for the over-riding plate to rotate about vertical axes independent of 
the subducting plate. Interplate slip is a key component of the block models of Wallace 
et al. (2004) and is consistent with the view that vertical-axis rotations of the upper plate 
since ~16 Ma cannot be attributed to clockwise rotation of the underlying subducting 
slab. Instead, the southward decrease in extension rates and eventual transition to 
shortening could indicate that vertical-axis rotations of the upper plate were induced by 
collision of continental crust at the southern termination of subduction and by extension 
associated with slab rollback at the southern end of the Tonga-Kermadec subduction 
system (Wallace et al., 2009a). 
 Rotation of the over-riding plate may have been facilitated by the development 
of a low viscosity mantle wedge beneath the central North Island since ~7 Ma. The 
relatively low viscosity of a hot mantle wedge would be expected to reduce the viscous 
forces between subducting and over-riding plates enabling margin-parallel relative plate 
motion to be accommodated by vertical-axis rotation of the forearc (Billen, 2008; 
Wallace et al., 2009a). Acceleration of vertical-axis rotations from ~6-5 Ma (Wright & 
Walcott, 1986; Rowan & Roberts, 2008), provides support for a model in which 
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introduction of a low viscosity mantle wedge promotes vertical-axis rotations in the 
over-riding plate.  
 Decoupling of plate vertical-axis rotations has important implications for 
Hikurangi margin evolution and how it should be presented. Tertiary reconstructions of 
the Hikurangi margin are generally presented in map-view and implicit in these models 
(although rarely explicitly stated) is the requirement that the rotation histories of the two 
plates are similar (Walcott, 1987; King, 2000; Nicol et al., 2007). For at least the last 16 
Myr the slab strike has remained approximately fixed, while the slab dip steepened and 
the over-riding plate rotated clockwise across the top of the subducting plate. In this 
model the over-riding plate and trench rotate clockwise in unison, which is well 
represented by the map-view reconstructions. Temporal changes in the geometry of the 
subducting plate are less obvious in map view and future reconstructions offering a 3D 
perspective of plate boundary evolution will be required to chart the development of 
both subducting and over-riding plates throughout the Tertiary. 
 
7. Conclusions   
Active front volcanoes in the central North Island strike sub-parallel to Benioff zone 
earthquakes where the average depth to the slab beneath the active arc-front is ~85 km. 
Arc-front volcanism from 16 Myr has migrated southeast 185 km sub-parallel to the 
presently active arc and to the strike of the slab to depths of 600 km as inferred from 
positive mantle velocity anomalies. Arc migration rates accelerated from 4 ± 1 mm/yr 
between 16-7 Ma to 18 ± 3 mm/yr from ~7 Ma to present. The acceleration of arc 
migration rates, eruption of high Mg# andesites, increasing frequency and size of 
eruptions, and uplift of the central North Island from 7 Ma indicate the development of 
a hot, low viscosity mantle wedge beneath the central North Island that may have 
facilitated the vertical-axis rotation of the fore-arc. The consistent strike of the arc is in 
contrast to ≥ 30° clockwise vertical-axis rotations of the eastern and southern Hikurangi 
margin and suggests that the subducting plate is not rotating with the overriding plate. 
The increasing mismatch between arc migration and intra-arc extension rates suggest 
that changes in slab geometry transition southwards from being dominated by rollback 
to dip steepening processes. 
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Chapter 6 
Motion of the Australian and Pacific plates in relation to 
North Island, New Zealand 
Abstract 
The tectonics of New Zealand is primarily controlled by the relative motions of the 
Pacific and Australian plates which are typically described by their finite poles of 
rotation. Finite poles of rotation for the last 38 Myr are used to track the evolution of 
subduction beneath the North Island, New Zealand. The location and timing of arc 
volcanism and deformation across the North Island are placed in context with Australia-
Pacific relative motions to constrain better processes such as subduction initiation and 
rollback. Absolute motion of the Australian plate (in a hot-spot reference frame) at the 
termination of subduction along the Tonga-Kermadec-Hikurangi trench has been away 
from the Cretaceous age Pacific plate from 38 Ma, conditions conducive to rollback of 
the slab. Punctuated development of back arc basins adjacent to the North Island, 
however, indicate that no simple relationship exists between subducting plate age and 
absolute motion of the overriding plate with rollback of the slab in this region. Plate-
normal convergence rates across the Hikurangi margin doubled from 11 to 23 mm/yr 
between 20 and 16 Ma, increasing again by approximately a third between 8 and 6 Ma. 
Plate-parallel rates steadily increased from ~15 mm/yr at 26 Ma to 32 ± 2 mm/yr at 16 
Ma where they have remained to the present. Pacific plate motion in a west-dipping 
subduction model indicates a minimum horizontal transport distance of 285 km 
preceding the initiation of volcanism along the Northland arc, a distance more than 
sufficient for self-sustaining subduction to occur. Tracking the southern and down-dip 
limits of the seismically imaged Pacific slab beneath the New Zealand indicates 
subduction along the Northland margin from at least 38 Ma.   
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1. Introduction 
The geometry and kinematics of subduction are driven by the relative motions of 
tectonic plates over millions of years. Relative motions of the Australian and Pacific 
plates are generally well constrained and form the basis for models of the development 
of New Zealand plate boundary from the Early Miocene (Walcott, 1987; Sutherland, 
1995; King, 2000; Cande & Stock, 2004). What is less clear are relative plate motions 
and subduction polarity prior to the initiation of arc volcanism in the northern North 
Island in the Late-Oligocene-Early Miocene (Ballance, 1976; Brothers, 1984; Hayward 
et al., 2001; Schellart et al., 2006; Mortimer et al., 2007; Schellart, 2007; Booden et al., 
2011). Through the Miocene, the geometry and kinematics of subduction controlled the 
location of arc volcanism and intra-arc rifting along the Hikurangi margin (chapter 5) 
though there is little consensus on the how these systems have evolved (King & 
Thrasher, 1996; Parson & Wright, 1996; Stern et al., 2006; Giba et al., 2010). 
Examining how arc volcanism and rifting onshore and offshore North Island has 
developed in response to relative plate motions will lead to an improved understanding 
of subduction processes along the Hikurangi margin. 
 In this chapter we use tectonic reconstructions between the Australian and 
Pacific plates to track the development of subduction beneath the North Island in 
relation to intra-rifting and arc volcanism. We use published finite poles of rotation 
(Cande et al., 2000; Cande & Stock, 2004; Croon et al., 2008) in association with 
present day slab geometry and volcanic arc age data (chapter 5) to examine models for 
subduction beneath the North Island. Absolute motion of the overriding Australian plate 
along the New Zealand plate boundary region has been away from the Cretaceous age 
Pacific plate since at least 38 Ma, providing conditions conducive for slab rollback. 
West-dipping subduction of the Pacific plate is a viable model for the development of 
the Northland arc which strikes normal to relative motion vectors. Arc volcanism from 
23 to 11 Ma offshore North Island requires the continuation of the Pacific plate to at 
least its southern extent at ~43.5ºS where it is imaged by a seismic-reflection profile 
beneath the Chatham Rise (Davy et al., 2008). The west-dipping subduction model is 
also consistent with subduction along the northern North Island continental margin 
since 38 Ma. 
 
  
Chapter 6 
189 
 
+
+
+
+
+
+
+
+
+
+
+
+
+
160°
165°
165°
170°
170° 175°
175°
180°
180°
-175°
-175°
-170° -165°
-50°
-50°
-45°
-45°
-40°
-40°
-35°
-35°
-30°
-30°
+ + +
+
+
+
+
+
+
+
+
!
!
!
!
34-20
20-16
16-4
4-0
AUS
PAC
HP
CR
KR
CR
TB
CP
H
KD
C-
1
+
SH
T
²
²40
46
SFB
NB
NL
EB
Figure 1. Tectonic setting of the New Zealand plate boundary. Oblique westward subduction of 
the Pacific plate is presently occurring beneath the Australian plate at rates of 40-46 mm/yr (red 
arrows) (De Mets et al., 2010). Miocene-Recent arc volcanic centres (red filled polygons) (see 
chapter 5 for full references), Emerald Basin (EB), Hikurangi Plateau (HP), Chaham Rise (CR), 
Taranaki Basin (TB), Coromandel Peninsula (CP), Northland (NL), South Fiji Basin (SFB), 
Norfolk Basin (NB), Colville Ridge (CR), and Kermadec Ridge (KR) shown for reference. 
Seismic line HKDC-1 (blue line) shows the Pacific plate extending beneath the Chatham Rise 
(Davy et al., 2008), see Appendix Fig. 4 for interpretation of seismic line. Magnetic anomaly 
trends (red lines) for the 23-18 Ma South Fiji Basin shown (Mortimer et al., 2007; Herzer et al., 
2009). Inset shows the location of the northern active tip of the Taranaki Fault in millions of year 
(filled white circles) (Stagpoole & Nicol, 2008) and the Taranki Rift (thin black lines) (Giba et al., 
2010). 
Chapter 6 
190 
 
2. North Island Subduction  
The kinematics of subduction along the Hikurangi margin, North Island, New Zealand 
reflects its transitional location between ocean-ocean subduction along the Tonga-
Kermadec trench and continental collision/transform motion in the South Island (Fig. 
1). The oblique westward subduction of the Pacific plate beneath the Australian plate 
along the Hikurangi margin presently occurs at rates of 40-46 mm/yr (Fig. 1) (Beavan et 
al., 2002; De Mets et al., 2010). Plate convergence (i.e. arc-normal motion) is primarily 
accommodated on the subduction interface (≥ 80%) with the remainder of plate-normal 
motion and most of the plate-parallel motion (≥ 60%) accommodated by a combination 
of reverse and strike-slip faults, and by clockwise vertical-axis rotations of ~3°/Myr in 
the overriding plate (Webb & Anderson, 1998; Wallace et al., 2004; Nicol & Beavan, 
2003; Nicol et al., 2007; Nicol & Wallace, 2007). At the southern termination of 
Hikurangi margin subduction convergence rates are low (< 6 mm/yr) with the majority 
of relative plate motion transferred onto strike-slip faults in the overriding plate 
(Wallace et al., 2012). Plate coupling along the Hikurangi margin increases southwards 
toward the termination of subduction and collision of the Chatham Rise with the 
Australian plate (Wallace et al., 2012). The latitude at which coupling on the plate 
interface deepens from ~10 to > 30 km coincides with the southern termination of the 
Taupo Rift and, at distances of 200-250 km from the trench, a change from extension to 
contraction and strike-slip in the overriding plate (Wallace et al., 2012). The Pacific 
plate presently subducting beneath the Hikurangi margin comprises a buoyant fragment 
of a thickened (12-15 km) oceanic large igneous province (Hikurangi Plateau) that 
partially subducted beneath the Chatham Rise during the Cretaceous along the 
Gondwana subduction margin (Fig. 1) (Davy et al., 2008). A seismic-reflection profile 
shows the Pacific plate extending to at least 43.5°S beneath the Chatham Rise (Davy et 
al., 2008), > 200 km beyond the southern limit of Benioff zone seismicity in the 
northern South Island (Eberhart-Phillips & Bannister, 2010). Beneath the North Island, 
deep earthquakes (Boddington et al., 2004) and mantle tomography (Li et al., 2008) 
indicate a continuous slab to depths of at least 600 km. 
 The geological history of the North and South Islands provide insights into the 
evolution of subduction along the Hikurangi margin. The evolution of the North Island 
is intimately tied to the reactivation of subduction along segments of the Gondwana 
subduction margin during a plate reorganisation around ~45 Ma (Stock & Molnar, 
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1982; Cande et al., 1995; Croon et al., 2008). Subduction has controlled both horizontal 
and vertical deformation, sedimentation patterns and the presence or absence of arc 
volcanism along the North Island plate boundary (Walcott, 1987; King & Thrasher, 
1996; Stern et al., 2006; Nicol et al., 2007) (chapter 5). The Taranaki Fault, a 600 km 
long back thrust (antithetic to the Hikurangi subduction thrust) that runs nearly the 
entire length of the North Island, accrued at least 12-15 km of displacement since the 
middle Eocene (43-40 Ma) (Fig. 1) (Stagpoole & Nicol, 2008). Situated along the 
eastern margin of the Taranaki Basin and west of the Taupo Rift, the history of 
displacements on the Taranaki Fault are consistent with initiation of Hikurangi margin 
subduction during the middle Eocene (Stagpoole & Nicol, 2008). The development of a 
dextral transform plate boundary between the Australian and Pacific plates, the Alpine 
Fault, during the Late Oligocene-Early Miocene (~25-23 Ma) (Cooper et al., 1987) 
coincided with initiation of arc volcanism in the northern North Island. The 
development of the Alpine Fault between the Australian and Pacific plates was 
immediately preceded by and/or contemporaneous with the southwest directed 
emplacement of allochthons across the north-eastern North Island (Rait et al., 1991), 
widespread northwest-southeast trending arc volcanism in northern North Island 
(Herzer, 1995; Hayward et al., 2001), and 1.5 km subsidence of the Taranaki Basin 
(Stern & Holt, 1994).  
 By the end of the Early Miocene (~16 Ma) changing boundary conditions along 
the Hikurangi margin resulted in the northern active tip of the Taranaki Fault retreating 
~300-400 km south of its Late Eocene location (Stagpoole & Nicol, 2008).  This 
northern limit to reverse motion on the Taranaki Fault was ~50-150 km south of a 
northeast-southwest alignment of arc volcanic centres contiguous from the Taranaki 
Basin through the Coromandel Peninsula to the Colville Ridge (Bergman et al., 1992; 
Adams et al., 1994; Giba, 2010; Mortimer et al., 2010). Towards the end of the Middle 
Miocene (~12-11 Ma) intra-arc rifting in the Taranaki Basin (Giba et al., 2010) and 
explosive rhyolitic caldera-forming eruptions on the Coromandel Peninsula (Carter et 
al., 2003) in the North Island initiated contemporaneously with 2-3 mm/yr increases in 
the rate of convergence across the Alpine Fault in the South Island (Cande & Stock, 
2004). This time also marks the beginning of subduction beneath south-western South 
Island (House et al., 2002) and vertical-axis rotations (3-14º/Myr) of the central and 
southern Hikurangi margin (Wright & Walcott, 1986; Nicol et al., 2007; Rowan & 
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Roberts, 2008), essentially establishing the boundary conditions for the modern plate 
boundary configuration through New Zealand.  
 Expansion of the southern and eastern margins of the Taranaki Rift (Giba et al., 
2010) began around 8 Ma coinciding with increases in the size and frequency of 
explosive rhyolitic eruptions along the Coromandel Peninsula (Fig. 1) (Carter et al., 
2003). Intra-arc rifting of the Colville-Lau and Kermadec-Tonga ridges to the northeast 
of New Zealand beginning around 6 Ma (Parson & Wright, 1996; Taylor et al., 1996) 
coincides with a further 2-3 mm/yr increase in convergence rates across the Alpine 
Fault (Walcott, 1998; Cande & Stock, 2004) and in uplift rates of the Southern Alps 
(Tippet & Kamp, 1993). To the southwest of New Zealand at this time a section of the 
Australian plate adjacent to the Australia-Pacific plate boundary, the Macquarie plate, 
began behaving as an independent plate (Cande & Stock, 2004). Across the North 
Island from ~7-5 Ma, increases in arc migration rates (chapter 5) and uplift (Pulford & 
Stern, 2004) are observed. From ~2 Ma to the present, intra-arc rifting migrated from 
the Taranaki Basin to the Taupo Rift (Giba et al., 2010).  
 These relations between intra-arc rifting and volcanism indicate regional 
changes in the kinematics of Australia-Pacific relative motions had significant influence 
on subduction processes and overriding plate deformation along the Hikurangi margin. 
Firstly, the contemporaneous initiation of intra-arc rifting in the North Island with 
subduction and contraction in the South Island at ~12-11 Ma mark a fundamental 
change in the kinematics of the New Zealand plate boundary. Secondly, the 
development of the Havre Trough-Lau Basin associated with rollback of the Pacific 
plate, increases in convergence across the Alpine Fault and the formation of the 
Macquarie plate to the southwest of New Zealand around ~8-6 Ma indicate that the 
southeast migration of arc volcanism/intra-arc rifting in the North Island was part of a 
regional reorganisation of the SW Pacific plate boundary. 
 
3. Finite poles of rotation  
The relative plate motions between the Australian and Pacific plates during the last 38 
Myr are generally well constrained by seafloor spreading data. These data permit finite 
poles of rotation to be calculated which describe the relative motions between Pacific 
and Australian plates across the New Zealand plate boundary. Australia-Pacific relative 
motions are presently calculated using total reconstruction poles in circuits involving 
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two to four plates depending on the time of interest (Fig. 2) (Sutherland, 1995; Cande et 
al., 2000; Cande & Stock, 2004; Schellart et al., 2006; Furlong & Kamp, 2009). There 
are several different tectonic reconstructions for the southwest Pacific and New Zealand 
based on data from different regions and sources (Walcott, 1987; Sutherland, 1995; 
King, 2000; Schellart et al., 2006; Sdrolias & Muller, 2006; Mortimer et al., 2007).  
Two different plate circuits have been used to predict Australia-Pacific relative plate 
motion for the period 38-26 Ma during the formation of the modern plate boundary 
through New Zealand. The first circuit uses an Australia-Antarctica-Pacific plate circuit 
that includes the effects of East-West Antarctic motion for chron 13o (33.54 Ma) (Fig. 
2) (Cande et al., 2000; Cande & Stock, 2004; Steinberger et al., 2004; Schellart et al., 
2006). While it is generally accepted plate reorganisation around ~45 Ma initiated the 
formation of the modern New Zealand plate boundary, the most recent well constrained 
total reconstruction poles for Australia-Antarctic spreading (consistent with the methods 
defining the Pacific-Antarctic finite poles of rotation) begin at chron 17o (38.13 Ma) 
(Cande & Stock, 2004). The second plate circuit uses Australia-Pacific relative motion 
determined from seafloor spreading data from the Emerald Basin in southwest New 
Zealand for the period 40-30 Ma (see Fig. 1 for location and Fig. 2 for poles) 
(Sutherland, 1995; Keller, 2003; Furlong & Kamp, 2009). The proximity of finite 
rotation poles to the North Island prior to the initiation of the modern plate boundary 
configuration mean that differences in the location of these finite poles (and their 
associated stage poles) can result in large differences in the predicted relative motion 
between the Australian and Pacific plates in New Zealand at these times. In this section 
the methods and data that form the basis for this study are briefly described, and the 
predictions from both regional (Australia-Antarctica-Pacific) and local (Australia-
Pacific) models currently in use. 
 Plate tectonics combines the concept of internally rigid tectonic plates with 
Euler’s theorem to describe their relative motions across the surface of a sphere. The 
motion of a plate can be described by a rotation about a virtual axis that passes through 
the centre of the sphere (Euler’s theorem). The most widespread parametrization of this 
plate rotation about a virtual axis uses latitude and longitude to describe the location 
where the rotation axis intersects the Earth’s surface, and a rotation rate that 
corresponds to the magnitude of the angular velocity (in degrees per million years) 
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Figure 2. Total reconstruction poles for Pacific relative to Australia plate motion. Calculated total 
reconstruction poles for Pacific plate (PAC) motion relative to Australia (AUS). Chrons and 
corresponding ages (Ma) shown for finite rotation poles of Cande & Stock (2004) (blue filled 
circles). Finite poles of Schellart et al. (2006) (green filled circles) and Keller (2003) (grey filled 
circles) shown for reference, see Appendix 3 Tables 11-12. See text for details for each recon-
struction model. Inset shows plate circuit used by Cande & Stock (2004), Schellart et al. (2006) 
and this study to calculate Australia-Pacific relative plate motions.
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Figure 3. Stage poles for Pacific relative to Australia plate motion. (a) Stage poles for Pacific 
relative to Australia plate motion derived from Cande & Stock (2004) (blue filled circles) and 
regional reconstruction model (black filled circles), see text for details and Table 3 for chron ages. 
(b) Eocene-Oligocene stage poles associated with reactivation of subduction beneath the North 
Island. See text for details for each reconstruction model. The total reconstruction poles associ-
ated with the stage poles presented here can be found in Appendix 3.
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(Wessel & Muller, 2007). The latitude and longitude of the angular velocity vector 
constitute the ‘Euler pole’. The relative motion of adjacent plates are determined 
quantitatively, by the fitting of magnetic anomaly and fracture zone data on the ocean 
floor by matching conjugate isochrons for example, and are described using finite 
rotations. The finite rotations that displace a plate from its present-day position to its 
reconstructed position at some time in the past are called total reconstruction poles and 
are commonly published in the plate-tectonic literature (Cox & Hart, 1986). Total 
reconstruction poles are expressed as the combination of a “fixed” plate, a “moving” 
plate, a specific time in the past determined from sea-floor magnetic anomalies (chron) 
and a finite rotation. A sequence of total reconstruction poles generally define the 
motion of a “moving” plate averaged from a point in time and relative to a “fixed” plate 
across the surface of the Earth (e.g. Fig. 2). A stage is simply some interval of time in 
the history of a pair of plates (i.e. the interval of time between chrons in a sequence of 
total reconstruction poles), and a stage pole defines the amount of rotation that occurs 
during that stage (Cox & Hart, 1986). Total reconstruction poles describe the relative 
motion between plates which ultimately has to be tracked back to an “anchored” plate. 
This “anchored” plate can be a common plate in the circuit or an absolute reference 
frame such as hot-spot tracks (Muller et al., 1993; O'Neill et al., 2005) or GPS (Beavan 
et al., 2002). As is common in reconstructions of the New Zealand plate boundary, the 
“fixed” or “anchored” plate is often the Australian plate. 
 We use GPlates (Boyden et al., 2011) to reconstruct and compare Australia-
Pacific relative motions from published total reconstruction poles. GPlates is a purpose 
built interactive plate tectonic reconstruction application that uses 3D unit-vectors and 
unit quaternions to model geological, geophysical and paleogeographic features 
providing an accessible and reproducible plate tectonic reconstruction framework 
(Boyden et al., 2011). Total reconstruction poles in GPlates are arranged in a hierarchy, 
or tree-like structure, with the top of the hierarchy being the “anchored” plate. Plates 
further down the chain from the “anchored” plate are linked by total reconstruction 
poles. GPlates calculates the rotation of a plate by starting at that point in a hierarchy 
and working its way to the top using rules for the calculation of finite rotations 
presented in Cox & Hart (1986). 
 Australia-Pacific relative motions in this study have been calculated from the 
relative motions between plate pairs in the Australia-East Antarctica-West Antarctica-
Pacific plate circuit (see Fig. 3 for location of stage poles describing Pacific motion 
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relative to Australia from this model). While total reconstruction poles are associated 
with measurement and age uncertainties (Cande & Stock, 2004), tectonic 
reconstructions generally use the published location and rotation rate for these poles as 
we do here. Total reconstruction poles calculated for Australia-Pacific relative motions 
using this accepted four plate circuit (Australia-East Antarctica-West Antarctica-
Pacific) (Cande et al., 2000; Cande & Stock, 2004; Steinberger et al., 2004; Schellart et 
al., 2006) can be compared to reconstructions using the original finite rotations between 
plate pairs within the circuit to help constrain the uncertainty between each type of 
model. Comparison of reconstructions based on calculated Australia-Pacific total 
reconstruction poles by Cande & Stock (2004) to a reconstruction based on total 
reconstruction poles between plate pairs in a four plate circuit detailed in Cande & 
Stock (2004), for example, show an ~20 km mismatch in the location of the Pacific 
plate in the New Zealand plate boundary at 33 Ma (with respect to a fixed Australian 
plate) (see Fig. 3 for comparison of stage poles). Considering the time and the distance 
of relative motion (> 1500 km) the difference between the two models is negligible. The 
advantage of using a four plate circuit is that reconstructions can be extended back to at 
least 38 Ma using the most recent and well-constrained West Antarctica-Pacific total 
reconstruction poles (Croon et al., 2008) and the absolute motion of plates (with 
reference to a hot-spot or common plate) can be tracked. We show comparisons of 
Pacific plate motion paths (with respect to a fixed Australian plate) over the last 33 Myr 
(Fig. 4) to highlight the similarities and differences between these and other models 
presently in the literature (Appendix 3). Motion paths are constructed using a point on 
the Pacific plate (with respect to a fixed Australian plate) reconstructed back in time for 
1 Myr intervals. The path of this point over time forms a representation the direction 
and distance (i.e. vector) the moving plate has travelled with respect to the fixed plate 
over the time period of interest. Total reconstruction poles and associated references 
used in this study can be found in Appendix 3 Tables 7-13. 
 A motion path from calculated Antarctica-Pacific finite rotation poles of Cande 
& Stock (2004) (Appendix 3 Table 7) compared to one derived from a four plate circuit 
using the total reconstruction poles for plate pairs from Cande & Stock (2004) 
(Appendix 3 Table 8) are nearly identical (Fig. 4a), as is one from a four plate circuit 
using the most recent West Antarctica-Pacific finite rotations from Croon et al. (2008) 
(Appendix 3 Table 9). This updated model for Australia-Pacific relative motion based 
on Australia-East Antarctica finite rotations of Cande & Stock (2004), East Antarctic- 
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Figure 4. Comparison of Pacific motion paths relative to Australia for the last 33 Myr. 
See Appendix 3 Tables 4-9 for total reconstruction poles. (a) Comparison of Pacific plate 
motion paths from total reconstruction poles calculated for Australia-Pacific motion from 
Cande & Stock (2004), a 4 plate model using plate pairs detailed in Cande & Stock 
(2004), and a 4 plate regional reconstruction model using updated Pacific-West Antarctic 
total reconstruction poles from Croon et al. (2008). (b) Comparison of Pacific plate 
motion paths from total reconstruction poles calculated for Australia-Pacific motion from 
Cande & Stock (2004), Schellart et al. (2006) (Table 5) and a 4 plate model using plate 
pairs detailed in Schellart et al. (2006) (Table A1).
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West Antarctic finite rotations of Cande et al. (2000) and West Antarctic-Pacific finite 
rotations of Croon et al. (2008) use the most recent data available for the period 38 Ma 
to present and are referred to here as the regional reconstruction model (Appendix 3 
Table 9).  
By comparison, Schellart et al. (2006) use older sources (Royer & Sandwell, 
1989; Cande et al., 1995; Royer & Rollet, 1997) than Cande & Stock (2004) to calculate 
total reconstruction poles for Australia-Pacific relative motion using a four plate circuit 
(Fig. 4b) (Appendix 3 Table 10). A Pacific plate motion path (with respect to a fixed 
Australian plate) derived from a four plate circuit using the finite rotations from the 
original sources detailed in Schellart et al. (2006) has a broadly similar trend to the 
motion path derived from the calculated total reconstruction poles of Cande & Stock 
(2004) and the regional reconstruction model.  The motion path derived from calculated 
Australia-Pacific total reconstruction poles detailed in Schellart et al. (2006) (Table 5 of 
Schellart et al., 2006) (Appendix 3 Table 11) departs significantly from all other motion 
paths between 24-12 Ma (Fig. 3b). It appears that the Australia-Pacific finite rotation 
pole for 17.6 Ma contains an error as the motion path does not match the predicted path 
using the finite rotations between plate pairs in the four plate model (Appendix 3 Table 
10). These calculated Australia-Pacific total reconstruction poles of Schellart et al. 
(2006) have been used to support an argument that Australia-Pacific plate motions were 
insufficient to produce arc volcanism in a west-dipping subduction model beneath 
Northland initiating at 23 Ma (Schellart, 2007; Schellart, 2012); given the apparent 
errors in motions paths this assertion should be questioned. Reconstruction models 
relating to the initiation of arc volcanism in Northland are discussed further in following 
section 5.1. 
 The time interval between stage boundaries describing Australia-Antarctica and 
Pacific-Antarctica relative motions varies by up to an order of magnitude (Table 1). 
Revised Australia relative to Antarctica total reconstruction poles of Cande & Stock 
(2004) generally occur at intervals of 2-5 Ma, however, the longest stage duration is ~10 
Ma (chron 6o to 5o). In contrast, revised Pacific relative to Antarctica total 
reconstruction poles of Croon et al. (2008) occur at approximately regular intervals of 
0.9 ± 0.4 Ma. To determine Australia-Pacific relative plate motions at intervals less than 
those defined by stage boundaries in Cande & Stock (2004) previous studies (Furlong & 
Kamp, 2009) have interpolated stage poles linearly at 1 Myr intervals between chrons 
(as does GPlates when using Cande & Stock, 2004 stage boundaries), however, our 
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regional reconstruction model with a higher temporal resolution of Pacific-Antarctica 
total reconstruction poles show that stage pole locations do not follow a linear trend 
(Fig. 3a). The increased temporal resolution of Pacific-Antarctica relative motions, 
particularly between chrons 6o (20.13 Ma) and 5o (10.95 Ma), may help decrease 
uncertainties in Australia-Pacific relative motions during the longer Australia-Antarctica 
stage durations. While Australia-Antarctica relative motions between stage boundaries 
are interpolated, Pacific-Antarctica relative motions are well constrained. The overall 
effect of constraining Australia-Pacific plate motions in the regional reconstruction 
model with a higher resolution time sequence for Pacific-Antarctic motions is, however, 
minimal. This is demonstrated by comparison between Pacific plate motion paths 
(relative to a fixed Australian plate) calculated at 1 Ma intervals using the Cande & 
Stock (2004) stage durations to those in the regional reconstruction model (Fig. 4a).  
 A second set of reconstruction models for the New Zealand plate boundary are 
based on sea floor spreading data from the Emerald Basin in the southern South Island 
which record Australia-Pacific relative motions between 40 and 30 Ma (Fig. 2) 
(Sutherland, 1995; Keller, 2003). The finite rotations derived from the Emerald Basin 
are here referred to as the local reconstruction model. Recent reconstructions by Furlong 
& Kamp (2009) use updated and unpublished Australia-Pacific total reconstruction 
poles of Keller (2003) from the Emerald Basin in combination with those of Cande & 
Stock (2004) to chart the passage of the Pacific plate beneath the North Island. The 
location of the stage pole for the period 38-33 Ma differs significantly from the 4 plate 
model (by ~7.5º latitude or ~1100 km in a north-south direction) for the same time (Fig. 
3b).   
 Pacific plate motion paths between 38-30 Myr predicted by the local and 
regional reconstruction models relative to Northland differ significantly. Due to the 
proximity of stage poles describing Pacific relative to Australia plate motions to 
Northland for this period (Fig. 3b), differences in their latitude (~7.5º or ~1100 km) 
result in contrasting motion vectors. Pacific plate motion paths predicted from each of 
these models during this time are essentially at right angles to one another (Fig. 5). This 
results in the amount of convergence prior to the initiation of the Northland arc 
predicted by either model varying by a factor of 2. It is difficult to reconcile such an 
abrupt change in relative motions at 30 Ma in the local reconstruction model across 
Northland. Both models accurately reflect the data they are based on, however, the 
relative motions they predict have different implications for the Northland plate 
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boundary during this period (i.e. convergence verses strike-slip). While beyond the 
scope for this study, geological constraints will be required to distinguish between these 
two models. 
For plate reconstructions to be considered accurate, plate motions calculated by 
adding the motion of Australia-East Antarctica, East Antarctica–West Antarctica and 
West Antarctica-Pacific should predict a reasonable plate tectonic history for the 
Australia-Pacific plate boundary (Cande et al., 2000). Original reconstructions for the 
New Zealand region in the early Miocene predicted a large gap (~150 km) between the 
North and South Islands which could only be eliminated by including relative motions 
between East and West Antarctica (Stock & Molnar, 1982). Sutherland (1995) derived a 
total reconstruction pole for East-West Antarctica using data from the Emerald Basin by 
assuming this gap should be closed. The resulting total reconstruction pole predicted 
highly oblique dextral extension in the Ross Sea embayment the Cenozoic not 
supported by the geology (Cande et al., 2000). Total reconstruction poles derived from 
the Emerald Basin have not been widely adopted in the literature for Australia-Pacific 
relative motions during the period ~40 to 30 Ma.  
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Table 3. Total reconstruction poles for Australia and the Pacific relative to Antarctica. 
Australia relative to Antarctica from Cande & Stock (2004). Pacific relative to 
Antarctica from Croon et al. (2008). Ages are from Cande & Kent (1995) except for 
chrons 3Ay and 3Ao, which are from Krijgsman et al. (1999).  
Australia relative to Antarctica Pacific relative to Antarctica 
Age (Ma) Lat (ºN) Long (º E) Age (Ma) Lat (ºN) Long (º E) Chron
 0.78 64.3 -81.21 1o
 1.86 64.9 -81.14 2
2.58 -11.16 -139.7 2.58 65.2 -81.23 2Ay
 3.58 65.9 -81.17 2Ao
 4.24 66.62 -80.53 3y
 5.11 66.91 -80.66 3o
6.04 -11.59 -139.2 6.04 67.09 -81.08 3Ay
 6.71 67.33 -81.2 3Ao
 7.86 68.16 -80.54 4
 8.86 68.83 -79.97 4A
 9.74 69.71 -78.57 5y
10.95 -11.9 -142.1 10.95 70.36 -77.81 5o
 12.29 71.29 -76.12 5A
 13.06 71.74 -75.12 5AA
 14.39 72.38 -73.58 5AD
 15.09 72.6 -73.18 5B
 16.15 72.97 -72.5 5Cy
 16.64 73.18 -72.03 5Co
 17.47 73.39 -71.58 5D
 18.28 73.62 -70.91 5E
 19.05 73.71 -70.94 6y
20.13 -13.39 -145.6 20.13 74.00 -70.16 6o
 21.16 74.13 -70.09 6A
 23.07 74.38 -69.73 6B
 24.06 74.48 -69.58 6C
 24.84 74.51 -69.66 7
 25.82 74.5 -69.84 8y
26.55 -13.8 -146.4 26.55 74.51 -69.81 8o
 27.03 74.45 -69.9 9y
 27.97 74.4 -69.75 9o
 28.28 74.41 -69.5 10y
28.74 -13.58 -146 28.75 74.33 -69.54 10o
 29.4 74.38 -68.71 11y
 30.1 74.33 -68.43 11o
 30.48 74.37 -67.75 12y
30.94 -13.4 -145.6 30.94 74.32 -67.59 12o
 33.06 74.44 -64.74 13y
33.54 -13.45 -146.6 33.55 74.48 -64.01 13o
 34.66 74.62 -61.89 15y
 34.94 74.63 -61.48 15o
 35.69 74.7 -60.18 16y
 36.34 74.75 -59.05 16o
 36.62 74.76 -58.64 17y
38.13 -14.65 -146.6 37.47 74.82 -57.44 17o
 38.43 74.85 -56.21 18y
 40.13 74.87 -54.46 18o
 41.39 74.86 -53.25 19
 42.54 74.85 -52.22 20y
 43.79 74.77 -51.61 20o
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Figure 5. (a) Pacific plate motion paths relative to a fixed Australian plate for west dipping 
subduction models across Northland. Volcanic centres from Herzer (1995) and Hayward et al. 
(2001). (b)  Pacific plate motion paths derived from Australia-Pacific total reconstruction poles 
calculated by Schellart et al. (2006) and detailed in Fig. 3 of Schellart (2007). 
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4. Absolute motions 
The absolute motions of plates with respect to a fixed hot-spot reference frame or 
“anchored” plate may influence whether rollback of the subducting slab will occur 
(Lallemand et al., 2005; Sdrolias & Muller, 2006). Rollback of the slab is considered 
one of the primary mechanisms for extension in the overriding plate (Sdrolias & Muller, 
2006). Slab rollback (or the seaward migration of the subduction hinge) causes upper 
plate extension by the negative buoyancy and gravitational instability of the subducting 
slab as it founders and sinks into the underlying asthenosphere (Molnar & Atwater, 
1978; Sdrolias & Muller, 2006). Several studies have concluded that extension in the 
overriding plate associated with subduction correlates strongly with absolute motion of 
the overriding plate away from the trench where the age of the subducting lithosphere is 
> 55 Ma (Jarrard, 1986; Heuret & Lallemand, 2005; Lallemand et al., 2005; Sdrolias & 
Muller, 2006). Along the Tonga-Kermadec trench the subducting Pacific plate is 
Cretaceous in age (Downey et al., 2007) as is the Hikurangi Plateau presently 
subducting beneath the North Island (Davy et al., 2008). While the negative buoyancy 
of ~100 Myr old oceanic crust would be sufficient for rollback to occur, the presence of 
the buoyant Hikurangi Plateau towards the termination of subduction make these 
relationships less clear. The density of the lithosphere beneath, and adjacent to, the 
North Island should be sufficient for subduction of the Hikurangi Plateau to occur 
(Gutscher et al., 2000) even without consideration of an eclogite base to the shallow 
slab (Reyners et al., 2011). Whether a buoyant subducting plateau is capable of rollback 
is presently unknown.  
 In the North Island, the absolute motion of the Australian plate has been away 
from the Pacific plate relative to a hot-spot reference frame (Muller et al., 1993; O'Neill 
et al., 2005) (Fig. 6) or East Antarctica (not shown) from 38 Ma to the present. The 
absolute motion of the Australian and Pacific plates in the New Zealand region would 
be consistent with upper plate extension being driven by rollback of the Pacific plate. 
The formation of South Fiji Basin between ~23-18 Ma (Mortimer et al., 2007) and 
Havre Trough and Lau Basins since ~6 Ma (Parson & Wright, 1996; Taylor et al., 1996) 
indicate this process has been punctuated. At present there is no clear relationship 
between the absolute motion of the overriding plate and the timing of the most recent 
episode of Pacific plate rollback. 
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Figure 6. Absolute motion paths of the Pacific and Australian plates from 38 Ma. (a) Absolute 
plate motion paths of the Australian (blue line) and Pacific (red line) plates derived from the 
regional reconstruction model relative to a hot-spot reference frame (Muller et al., 1993; O’Neill 
et al., 2005), see text for details. Vector diagram shows contemporary absolute and relative plate 
vectors from GPS (Beavan et al., 2007). (b) Australia-Pacific relative plate motion rates calcu-
lated from absolute motion paths. Plate-normal and -parallel component of the relative motion 
vector calculated for an 035º striking plate. The alignment of arc volcanic centres through 
onshore and offshore North Island from ~16 Ma are approximately parallel to the present arc front 
(~035º) and the strike of the underlying slab (chapter 5). (c) The azimuth of the relative plate 
vector over the last 38 Myr.
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Contemporary relative plate motion along the Hikurangi margin is 
accommodated by margin normal and parallel faults (i.e. the subduction thrust) and by 
vertical-axis rotations (Nicol & Wallace, 2007; Nicol et al., 2007). From ~16 Ma the 
strike of the subducting plate beneath the North Island - inferred from Benioff zone 
seismicity, mantle velocity anomalies, and the alignment of arc volcanoes - has been 
approximately parallel to present (chapter 5). To examine changes in the rate of plate-
normal and plate-parallel motion over time, the relative motion vector resulting from the 
absolute motion of two points on stable portions of the Australian and Pacific plates 
(Beavan et al., 2002) is split into its respective components. Since arc volcanism along a 
trend similar to present (~035º) was established by 16 Ma through onshore and offshore 
North Island (chapter 5), plate-normal and -parallel components of the relative vector 
can be estimated from this time (Fig. 6b).  
 Immediately prior to 16 Ma (i.e. 20 to 16 Ma) the component of relative plate 
motion parallel to 305º doubles from ~11 mm/yr to ~23 mm/yr, increasing again by 
approximately a third (27%) between ~8-6 Ma. The component of relative plate motion 
parallel to 035º gradually increases from ~16 mm/yr at 26 Ma to 16 Ma where it has 
remained parallel to the plate and approximately constant at 32 ± 2 to the present. 
Between 8-6 Ma, plate-normal and -parallel rates become approximately equal for the 
first time since at least 26 Ma. Australia-Pacific motion vectors show a 50-60º counter-
clockwise swing in direction between 33 and 26 Ma, an opposing 15-20º clockwise 
swing in direction from 20 to 16 Ma and a relatively constant azimuth of 254 ± 5º from 
16 Ma to the present (Fig. 6b). By comparison, contemporary relative plate motion 
measured by GPS using the same stable locations on the Australian and Pacific plates is 
263º (refer Fig. 3) (Beavan et al., 2002).  
 
5. Relative plate motions 
 5.1 Initiation of arc volcanism in Northland 
The evolution of the SW Pacific region during the Oligocene to Early Miocene is 
unresolved. In particular, the age of the South Fiji and Norfolk Basins has recently been 
revised to 23-18 Ma (Mortimer et al., 2007; Herzer et al., 2011) indicating back-arc 
opening occurred contemporaneously to the north of the North Island during widespread 
arc volcanism across Northland (Herzer, 1995; Hayward et al., 2001).  The driving 
mechanism associated with southwest directed allochthon emplacement between ~25-22 
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Ma and the eruption of voluminous arc-type volcanism across Northland along a NW-
SE trend from ~23 Ma is a matter of ongoing debate (Ballance, 1976; Brothers, 1984; 
Rait et al., 1991; Herzer, 1995; Hayward et al., 2001; Schellart et al., 2006; Mortimer et 
al., 2007; Schellart, 2007; Herzer et al., 2009; Mortimer et al., 2010) (Booden et al., 
2011; Schellart, 2012). While we are primarily focussed on the geometric evolution of 
subduction and associated arc volcanism, accounting for the south-westward 
emplacement of allochthons across northeastern North Island is an important constraint 
for any subduction model.  
 Various models have been suggested for the evolution of subduction geometry 
beneath Northland in the Early Miocene (Fig. 7), and generally fall into two main 
categories; rollback of west-southwest-dipping Pacific plate as proposed by Mortimer et 
al. (2007) and slab detachment of northeast-dipping Australian plate as proposed by 
Crawford et al. (2003) and adapted and developed by Schellart et al. (2006) and 
Schellart (2007, 2012). At present, there is no spatial or temporal pattern to the 
development of arc volcanism across Northland that conclusively distinguishes between 
either northeast- or southwest-dipping subduction geometry (Hayward et al., 2001). 
Arc-type volcanic rocks across Northland contain comparable fractions of fluid mobile 
trace elements consistent with dehydration of an underlying slab (Booden et al., 2011). 
Arc-type trace element signatures are different between eastern and western volcanic 
belts in Northland although these differences are considered the result of crustal 
thickness variations and not subduction polarity (Booden et al., 2011). 
 Early models for the Northland arc involved progressive steepening of a north-
westward dipping slab to explain an apparent south-eastward migration of the 
volcanism (Brother, 1984; Kamp, 1984) which are consistent with volcanic ages from 
16 Ma to present (Fig. 7) (chapter 5). This model was rejected by Ballance et al. (1985), 
Herzer (1995), and Hayward et al. (2001) as volcanic ages show no age progression 
prior to 16 Ma (chapter 5). Schellart (2007) also considered the maximum distance 
between the Hikurangi trench and volcanism unrealistically large (750 km). It should be 
noted, however, that due to the obliquity of Australia-Pacific plate motions Miocene-
Recent volcanism is no more than ~450 km from the northern and eastern continental 
margins of the North Island, the maximum distance presently observed for global 
compilations of arc volcanoes (Syracuse & Abers, 2006). Arc-type volcanism across 
Northland has been explained by west-southwest directed subduction of either the South 
Fiji Basin (Malpas et al., 1992; Herzer, 1995; Ballance, 1999; Whattam et al., 2005) or 
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the Pacific plate (Mortimer et al., 1998; Herzer et al., 2000; King, 2000; Bradshaw, 
2004; Mortimer et al., 2007). Recent revision of the South Fiji Basin to Oligocene 
and/or Early Miocene age precludes the subduction of young (probably < 10 Myr) 
buoyant oceanic lithosphere beneath Northland on geochemical grounds (i.e. absence of 
adakitic trace element signatures) (Mortimer et al., 2007; Booden et al., 2011). 
Reanalysis of lavas show a consistent Island-arc signature throughout Northland 
(Booden et al., 2011) favouring an origin in response to an actual, if short-lived 
subduction event, rather than slab detachment as proposed in some models (Schellart, 
2007; Schellart, 2012).  
 At present, a west-dipping Pacific plate subduction model is consistent with 
geological evidence from New Zealand for the geometry of subduction beneath 
Northland (Fig. 8). An alternative hypothesis for the origin of arc volcanism across 
Northland, northeast-dipping subduction of the Australian plate followed by slab 
detachment (Fig. 7) (Crawford et al., 2003; Schellart, 2007), originates from obduction 
models for the emplacement of ophiolites by the northeast-dipping South Loyalty slab 
in New Caledonia (Schellart et al., 2006). The location of the trench associated with 
north-east dipping subduction model is shown southwest of Northland (Schellart et al., 
2006; Schellart, 2007) in map view where seismic reflection lines provide no evidence 
for an accretionary prism or subduction thrust (Herzer, 1995), and to the northeast of 
Northland in cross-section (Schellart, 2012) which requires a ‘folded’ subduction 
geometry. In addition, the geometry and displacement history of the northeast- to east- 
dipping Taranaki Fault (Stagpoole & Nicol, 2008), and Late Eocene contraction across 
the Reinga Basin (Bache et al., 2012) are inconsistent with a northeast-dipping 
subduction model.  
 To place constraints on the timing and kinematics of west-dipping subduction 
we examine Pacific plate motion paths relative to a fixed Australian plate for the period 
38-23 Ma across Northland. We show motion paths from three different models that 
finish at a common location for two points along the Northland arc (Fig. 5a). The 
Pacific plate motion paths of Schellart (2007, 2012) (Fig. 6b) – derived from Australia-
Pacific total reconstruction poles of Schellart et al. (2006) - clearly deviate from those 
derived from the regional reconstruction model used in this study and are considered in 
error (see section 3 and Fig. 4b). I therefore consider the geodynamical arguments 
against a west-dipping Pacific plate subduction model (Schellart, 2012) - based on the 
Australia-Pacific total reconstruction poles calculated in Schellart et al. (2006) - that the 
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2011). Reconstruction of Hikurangi margin after King (2000) and Nicol et al. (2007).
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amount and direction of subduction was insufficient prior to allochthon emplacement 
and the initiation of arc volcanism are unsupported. Pacific plate motion relative to 
Australia between 38 to 23 Ma derived from the regional reconstruction model 
(Appendix 3 Table 9) trend approximately perpendicular to the Northland arc (~250º) 
and moderately oblique (34º clockwise) to allochthon emplacement beginning ~25 Ma 
(refer Fig. 8) (Rait, 2000). The distance the Pacific plate travelled between 38 and 23 
Ma in a west-dipping subduction model is ~350 km and ~285 km at northern and 
southern ends of the arc respectively. The Pacific plate at sub-arc depths beneath 
Northland at the initiation of arc volcanism at 23 Ma in the regional reconstruction 
model had travelled from (or beyond) the North Island continental margin (refer Fig. 5). 
Numerical models indicate that self sustaining subduction could occur after 
approximately 100-150 km of convergence (Hall et al., 2003; Gurnis et al., 2004) and 
therefore the transport distance associated with our west-dipping Pacific plate 
subduction model is feasible as the source of Northland arc volcanism and as a 
mechanism for allochthon emplacement.  
 The generation of arc volcanism requires a hydrated slab sufficiently out of 
equilibrium with its surroundings to dewater, fluxing the mantle wedge with sufficient 
volumes of fluid to lower the solidus and generate melt (Gill, 1981; Kirby et al., 1996; 
Hacker et al., 2003b). The local reconstruction model indicates a Pacific plate beneath 
Northland at the initiation of subduction at 38 Ma (refer Fig. 5a). However, this slab 
was partially subducted beneath Northland in the Cretaceous and would have reached 
equilibrium with its surroundings, as it has beneath the Chatham Rise (Davy et al., 
2008). Therefore it is suggested that for arc volcanism to have initiated in Northland at 
23 Ma, a west-dipping Pacific plate model requires subduction of hydrated slab during 
the Cenozoic. A Cretaceous age plate subducting through a trench, hydrated through 
bending-related normal faults (Ranero et al., 2003; Faccenda et al., 2009) during the 
Cenozoic, could be expected to dehydrate sufficiently resulting in arc volcanism 
(chapter 4). The regional reconstruction model indicates the Pacific plate subduction 
would have occurred from at least (or beyond) the northern Northland continental 
margin where a trench may have been positioned (refer Fig. 5a). In order for the 
subducting Pacific plate to first hydrate and then dehydrate during the Cenozoic requires 
at least 285-300 km of subduction which at the rates of relative plate motion normal to 
the Northland margin (estimated from the regional reconstruction model) would 
indicate that subduction commenced no later than 38 Ma (e.g. Bache et al., 2012). 
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 5.2 Pacific plate subduction 
The present Hikurangi subduction margin has evolved since at least the Eocene as a 
result of relative motions between the Australian and Pacific plates. The southern and 
lower limits of the Benioff zone and the slab as defined by positive mantle anomalies 
are used as passive markers to track the evolution of subduction. These passive markers 
are easily defined and represent spatial and temporal scales of sufficient length with 
which to reconstruct subduction over the last 38 Myr. Tracking the subduction of the 
Pacific plate beneath the North Island is key to understanding the initiation and 
evolution of arc volcanism and rifting in the North Island since the Miocene. We use the 
regional reconstruction model to reconstruct the horizontal extent of the presently 
imaged slab through time. The location of arc volcanism constrains possible slab 
geometries prior to the reactivation of subduction. These plate reconstructions and 
relative plate motions indicate that slab hydrated beyond the northern North Island 
continental margin, though not at present seismically imaged, was the fluid source 
contributing to arc volcanism in Northland at 23 Ma and the Taranaki Basin between 
~20 and 11 Ma.  
 The southern limit of intermediate depth seismicity (50-240 km) forms a sharp 
boundary beneath the northern South Island (Fig. 9). Eberhart-Phillips & Bannister 
(2010) interpret the slab as a continuous unbroken feature extending from the active 
subduction zone to the north (i.e. beneath the North Island) to the southern limit of 
Benioff zone seismicity beneath the South Island (Fig. 9a and c). The abrupt cessation 
of Benioff seismicity beneath the northern South Island is interpreted as an 
anhydrous/hydrous boundary within the slab (Eberhart-Phillips & Bannister, 2010). To 
the north of this boundary, Benioff seismicity defines a variably hydrated slab out of 
equilibrium with the temperature and pressure conditions of the surrounding mantle, 
whereas to the south of this boundary, an anhydrous slab in equilibrium with its 
surroundings is unlikely to be seismically active and therefore unlikely to be identified 
as subducted lithosphere (Kirby et al., 1996; Hacker et al., 2003b; Eberhart-Phillips & 
Bannister, 2010). The southern limit to Benioff seismicity extends vertically to ~240 km 
depth (representing a horizontal length of ~300 km). The lower limit of Benioff zone 
seismicity, also an inferred boundary between hydrous and anhydrous slab, varies in 
depth along the Hikurangi margin from ~240 km in the south (Fig. 9b) to ~350 km in 
the north (chapter 4).  
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 To extend the length of the slab used in the reconstructions beyond the Benioff 
zone we use constraints from mantle tomography and the trend of deep earthquakes. 
The Pacific plate extends continuously to depths of at least 600 km beneath the North 
Island (chapter 5), ~300 km deeper than the slab defined by Benioff seismicity (Fig. 
10). Deep earthquakes (Boddington et al., 2004) and positive mantle velocity anomalies 
(Li et al., 2008) are consistent with a northeast trending slab representing ~750 km of 
subducted Pacific plate. The southern limit of positive mantle velocities extends to at 
least ~43.5°S at depths < 250 km and to the hydrous/anhydrous boundary interpreted 
beneath the northern South Island at depths > 250 km.  
 Reconstructions were selected at times that reflect key points in the development 
of volcanism across the North Island to highlight the location of the presently imaged 
Pacific slab unfolded to its horizontal extent at the surface (Fig. 11). It is possible to 
infer the first-order geometry of the subducting plate through time using the general 
relationship between location and trend of arc volcanism to the underlying slab. The 
alignment of arc front volcanism generally approximates the 90-100 km depth contour 
of the underlying slab in the North Island (chapter 5) and global compilations of arc-
slab relations (Syracuse & Abers, 2006). While this depth to slab beneath arc volcanism 
may not reflect the precise value of past depths it can be considered a first-order 
approximation. It is noted that the absence of arc volcanism does not imply the absence 
of an underlying slab as the present relationships between the slab and volcanism along 
the Hikurangi margin show (chapter 4), however, the presence of arc volcanism does 
require an underlying slab as it is fluid mobile elements from the subducting slab and 
mantle wedge that ultimately determine the provenance of Island arc volcanism (Gill, 
1981). 
 The reconstruction of the horizontal or unfolded extent of the seismically 
imaged slab indicates its present southern edge began subducting beneath the 
continental margin of the North Island at around 20 Ma (not shown). The present 
southern and lower limits of the Benioff zone beneath the North Island and southern 
South Island represent slab subducting for ≤ 17 Myr. Slab subducting for more than 17 
Myr is no longer seismically active. What is apparent is that the seismically imaged slab 
(i.e. either associated with Benioff zone seismicity or positive mantle anomalies) does 
not lie beneath either the northwest-southeast trending Northland arc at 23 Ma or the 
northeast-southwest trending Colville-Coromandel-Taranaki arc from ~20 to 11 Ma (16 
Ma shown in Fig. 11). By 8 Ma the present lower limit of seismicity was approaching 
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Figure 9. Seismicity and velocity sections of the subducting slab beneath northern South Island. 
Seismicity relocated using 3D velocity model of New Zealand (2001-2009 ML > 3) (black filled 
circles). P-wave velocity (Vp) sections from 3D velocity model of New Zealand (Eberhart-
Phillips et al., 2010). Meaningful velocity data lies within spread function < 3 (white line). (a) 
Seismicity sections (red lines) superimposed over 105 km Vp depth slice. (b) Dip-parallel profile 
showing curvature of slab. (c) Along strike section. (d) Section parallel to the relative plate 
motion vector. Coastline in A shown as black ticks in sections for reference. 
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and positive mantle velocities (blue line) from (a). Southern limit of Pacific plate beneath 
Chatham Rise from seismic reflection profile HKDC-1 (Davy et al., 2008) (Fig. 1). Motion path 
of Pacific Plate relative to a fixed Australian Plate (black line) from 38 Myr derived from regional 
reconstruction model. Contemporary arc-front volcanism (red filled circles) approximates the 90 
km depth contour on the subducting slab.
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sub-arc depths parallel to the alignment of active arc volcanic centres through the 
onshore and offshore North Island.  
 These reconstructions imply that either volcanism in the Taranaki Basin between 
~20-11 Ma was either not subduction related or that the slab at depth extends further to 
the southwest than presently imaged using positive mantle anomalies (e.g. slab extent 
marked by dashed line in Fig. 11). A subduction origin for volcanism in the Taranaki 
Basin is constrained by the arc-type trace element signature of a ~20-8 Ma (K-Ar dated 
samples and seismic stratigraphic constraints), low-med-K andesite submarine volcano 
(Kora) (Fig. 7) (Bergman et al., 1992; Giba, 2010). The southern extent of the slab 
required to produce arc volcanism between ~20-11 Ma in the Taranaki Basin would 
require the presence of a subducted slab to at least ~43.5°S at present - i.e. the southern 
limit of the slab imaged beneath the Chatham Rise (Davy et al., 2008) and/or its 
southern extent defined by positive mantle anomalies < 250 km depth (Li et al., 2008) 
(Fig. 11) – at least ~200 km south beyond the end of the seismically active slab. 
 The hypothesis that an anhydrous Pacific plate continues southwest beneath the 
central South Island (Eberhart-Phillips & Bannister, 2010; Reyners et al., 2011) to at 
least its southern limit observed in a seismic-reflection line across the Chatham Rise 
(~43.5°S) (Davy et al., 2008) is supported by the decreasing frequency of Benioff zone 
seismicity southwards along the Hikurangi margin (chapter 4). Rates of slab seismicity 
at sub-arc depths (90-170 km), considered a proxy for rates of dehydration 
embrittlement (Hacker et al., 2003b), in proximity to the southern limit of the Benioff 
zone are approximately 20% of those in the slab beneath the northern Hikurangi margin. 
This southward decrease in seismicity rates are therefore consistent with the southern 
boundary to Benioff seismicity being a transition from hydrous to anhydrous subducted 
lithosphere (Eberhart-Phillips & Bannister, 2010) rather than the edge to the slab, for 
example (Fig. 9). Interpretation of seismic velocities beneath the South Island may 
indicate the Pacific plate extends to latitudes of ~45°S (Reyners et al., 2011). The lower 
limit of Benioff seismicity also supports a model for the southern continuation of an 
aseismic slab. Subducted Pacific plate ≥ 17 Ma at depth is no longer seismically active, 
the slab inferred beneath the Taranaki Basin and Northland must have begun subducting 
no later than 20 Ma. 
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Figure 11. Reconstruction of the unfolded Pacific slab over the last 38 Ma. Refer to Fig. 10 for 
details of unfolded slab extent. Pacific plate relative to a fixed Australian plate reconstructions 
based on finite rotations from the regional reconstruction model. Trend of active eastern arc volca-
nism at 8 and 16 Ma approximates 90 km depth contour of subducting slab (see chapter 5 for 
details and references). Note that the Hikurangi margin is shown in its present position. Schematic 
reconstruction of Hikurangi margin shown in Fig. 8. Southern limit of seismically active slab and 
deep positive velocity anomalies began subducting beneath North Island around 20 Ma. Prior to 
this time the seismically defined subducted plate is inferred to lie east of trench in a west dipping 
Pacific plate subduction model (e.g. Mortimer et al. 2007). Slab at (or beyond) the northern North 
Island continental margin at 38 Ma (dotted blue line) is required to produce arc volcanism 
between 23 and 11 Ma offshore North Island for a west-southwest dipping subduction model.
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6. Discussion 
The time periods 12-10 Ma and 8-6 Ma mark fundamental plate motion changes across 
the New Zealand plate boundary and throughout SW Pacific. These changes arise in 
part due to rotation in the direction of spreading along the Pacific-Antarctic Ridge 
around ~11 and ~6 Ma (Croon et al., 2008). The spreading directions of ridge segments 
near the Menard fracture zone (50ºS) remained fairly constant between 23 and 5 Ma (3º 
clockwise rotation) which is in contrast to fracture zones along the south-western 
section of the Pacific-Antarctic Ridge that lie closer to Pacific-Antarctic stage poles and 
have undergone a 30º clockwise rotation since 10 Ma (Croon et al., 2008). This 
clockwise rotation in the direction of spreading along the south-western segment of the 
Pacific-Antarctic Ridge coincides with the initiation of subduction in the south-western 
South Island (House et al., 2002), increased convergence across the Alpine Fault 
(Tippet & Kamp, 1993; Walcott, 1998; Cande & Stock, 2004), and initiation of intra-arc 
extension in offshore western North Island (Giba et al., 2010). These contrasting styles 
of deformation along the New Zealand plate boundary indicate the existence of a local 
pole of rotation, possibly in proximity to the collision point of the Chatham Rise with 
the Australian plate. 
 Significant increases in margin normal motion coincide in time with the end of 
extension in the South Fiji Basin (Mortimer et al., 2010) at ~18 Ma and the initiation of 
extension along the Havre-Lau intra-arc rifts at ~6 Ma (Parson & Wright, 1996; Taylor 
et al., 1996). Intuitively, arresting the development of an extending ocean basin through 
an increase in margin normal convergence seems plausible, initiating a second phase of 
overriding plate extension with a further increase does not. Collision models for the 
formation of overriding plate extension may be consistent with the opening of the Havre 
Trough. Increased margin normal convergence would have increased torque on the 
eastern North Island possibly driving rollback of the slab through the seaward advance 
of the Hikurangi fore-arc (Wallace et al., 2009). The advance of a fore-arc over a 
subduction hinge may also involve uplift. Basin subsidence in the Taranaki Basin 
associated with subduction occurred around 25 Ma whereas major infilling of the basin 
did not occur until 17 Ma with the emergence of the Taranaki Fault above sea level 
(Stern & Holt, 1994). Widespread contraction of the Hikurangi fore-arc also occurred 
between 8-6 Ma (Nicol et al., 2002; Nicol et al., 2007) consistent with the acceleration 
of margin normal plate motion shown here.  
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7. Conclusions 
The most recent and well constrained Australia-Antarctica-Pacific plate motions have 
been used to track the absolute and relative motions of the overriding and subducting 
plates along the North Island continental margin for the last 38 Myr. The absolute 
motion of the overriding Australian plate away from the subducting Cretaceous Pacific 
plate since the reorganisation of plate motions around 45 Ma is conducive for rollback 
to occur along the Hikurangi margin. The punctuated development of extensional basins 
adjacent to the North Island, however, show no simple correlation between the absolute 
motion of the overriding plate, subducting plate age and rollback. Plate-normal rates 
doubled from ~20 to 16 Ma, increasing further by approximately a third between ~8-6 
Ma to their present values of ~30 mm/yr. In contrast, plate-parallel rates steadily 
increased from ~15 mm/yr at 26 Ma to 32 ± 2 mm/yr from 16 Ma to the present. 
Tracking the presently imaged southern extent of the Pacific plate prior to initiation of 
arc volcanism across Northland at 23 Ma and the Taranaki Basin between 20 and 11 Ma 
shows that west-dipping subduction models are viable and that subduction from 38 Ma 
is required to transport a sufficiently hydrated slab to sub-arc depths.  
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Chapter 7 
Conclusions and future research 
 
1. Introduction 
The origins of continental intra-arc rifting and associated volcanism and the impact of 
normal faults on fluid flow are the focus of this thesis. Normal faulting and its control 
on fluid flow provide a common theme relating diverse processes such as intra-arc 
rifting, deep mantle hydration, explosive caldera-forming arc volcanism and near 
surface migration of water filled fault-zones. Rifting and arc volcanism are controlled 
by subduction processes and a key goal of this thesis has been to cast light on the 
evolution of subduction beneath the North Island of New Zealand. This improved 
understanding of subduction is important because it provides insights into first-order 
processes associated with the tectonics, sedimentation patterns, and land mass evolution 
of the North Island for at least the last 30 Myr. In addition to investigating regional plate 
boundary and subduction processes, generic studies of faults and their role in the flow 
of fluids have been considered. Faults are widely considered to both enhance and retard 
fluid flow and I have examined factors associated with the highly variable nature of 
fluid-flow and flow-rates from fault-zones in situ to understand better the hydraulic 
properties of fault and fracture systems. Conclusions drawn from this thesis are 
applicable to a wide range of industries and fields of research including; geothermal, oil 
and gas, CO2 storage, ground water, subduction zones, earthquake mechanics, and basin 
analysis. In this chapter I outline the main conclusions of thesis study and make some 
recommendations for future work. 
 
2. Conclusions 
Each chapter in this thesis has a list of conclusions and the most important of these are 
outlined below. These conclusions are deliberately brief to minimise repetition and the 
reader is referred to the individual chapters for more detailed summaries. 
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 Faults are known to profoundly influence the migration of fluids in the sub-
surface. Understanding how faults impact on fluid flow has both academic interest and 
industrial application as important water, hydrocarbon, and geothermal resources are 
extracted from the sub-surface. The relationships between faulting and fluid flow are 
examined in chapter 2 where the geometry and hydraulic properties of fault-zones in 
Mesozoic basement and Miocene strata intersected by the tunnels of the Tongariro 
Power Development in the southern Taupo Rift are investigated. Observations and 
analysis shows that: 
 Fault-zone thickness varies by several orders of magnitude approximating 
power-law distributions where the dimensions and architecture of these zones 
are dependent on many factors including displacement, host-rock type and fault 
geometries. 
 Despite fault-zones accounting for a small proportion of the total sample length 
(<15%), localised flow of groundwater into the tunnels occurs almost 
exclusively (≥ 91%) within, and immediately adjacent to, these zones.  
 The distribution and rate of flow from fault-zones are highly variable with 
typically ≤ 50% of fault-zones in any given orientation flowing. No simple 
relationships between fluid-flow and either or, fault strike, hydraulic head and 
flow-rate are observed. 
 A general positive relationship between fault size (e.g., fault-zone thickness) and 
maximum flow rate is found. The entire basement dataset, for example, shows 
that 81% of the flow rate occurs from fault-zones ≥ 10 m wide, with a third of 
the total flow rate originating from a single fault-zone (i.e. the golden fracture). 
 
The Taupo Rift accommodates intra-arc extension in the central North Island of New 
Zealand. A number of plate boundary processes, including slab rollback and continental 
collision at the southern termination of subduction, have been proposed to account for 
the formation of the Taupo Rift. Discriminating between these models and placing 
constraints on the origins of the rift requires information on the structural geometry and 
kinematics of rifting. The kinematics of the continental intra-arc Taupo Rift was 
investigated mainly using a large catalogue of new and published focal mechanisms and 
geological fault-slip data. This information together with mapping of the rift 
demonstrates that: 
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 The average extension direction is approximately orthogonal to the average 
trend of the rift and its constituent faults (α=76-84°).  
 Comparison of contemporary fault geometry and kinematics of the Taupo Rift 
with intra-arc rifting in the Taranaki Basin and southern Havre Trough show that 
for ≥ 4 Myr, the slab and the associated changes in its geometry have exerted a 
first-order control on the location, geometry, and extension direction of intra-arc 
rifting in the North Island. 
 Second-order features of rifting include a clockwise ~20° northwards change in 
the strike of normal faults and trend of the extension direction that indicates a 
relationship between fault orientation and extension direction.  In the southern 
rift normal faults are parallel to, and probably reactivate, Mesozoic basement 
fabric (e.g., faults and bedding) which is in contrast to the northern rift faults 
that may have formed since rift initiation 1-2 Ma ago and which diverge from 
basement fabric by up to 55°. 
 Focal mechanisms indicate third-order features of rifting include oblique to right 
lateral strike-slip along basement fabric and dip slip on newly formed rift faults. 
 
The Taupo Volcanic Zone, which coincides spatially with the Taupo Rift, is one of most 
volcanically productive systems on Earth. The mechanisms proposed to account for the 
location and productivity of the TVZ include deep plumes, cooling intrusions, along 
strike mantle flow and an arc related hotspot. The location and high volcanic 
productivity of the TVZ is linked to the subduction water cycle, where hydration and 
subsequent dehydration of the subducting oceanic lithosphere is primarily accomplished 
by earthquakes. This conclusion is based on analysis of regional and global earthquake 
catalogues for the subducting Pacific plate. These data indicate that: 
 The anomalously high heat flow and volcanic productivity of the TVZ is 
spatially associated with high rates of seismicity in the underlying slab mantle at 
depths of 130-210 km.  
 The sub-arc region of anomalously high seismicity correlates with the transition 
from oceanic to continental overriding crust along a relative motion vector 
where high frequencies of large shallow normal faulting intraplate earthquakes 
occur due to bending of the slab. These bending-related earthquakes rupture 
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deep into the mantle of the subducting lithosphere potentially hydrating it to 
depths of up to 40 km.  
 Hydration of the subducting plate decreases to the south where arc volcanism 
extinguishes and ‘bending’ earthquakes occur mainly beneath continental crust 
of the North Island, 100-200 km west of and distal from oceanic fluids. 
 
Subduction systems evolve in space and time. Numerous studies have suggested a 
progressive change in the location of the subducted Pacific plate beneath the North 
Island of New Zealand(Ballance, 1976; Brothers, 1984; Kamp, 1984; Hayward et al., 
2001; Mortimer et al., 2007; Giba, 2010). In chapter 5 evidence for rollback and/or 
steepening of the slab beneath the North Island has been re-examined. Evolution of the 
subducting slab geometry beneath the North Island has been investigated using a 
combination of published arc-type volcanic ages and the locations of earthquakes in the 
subducting Pacific plate. The data reveal that: 
 Arc front volcanoes have migrated southeast by 150 km in the last 8 Ma (185 
km since 16 Ma) sub-normal to the present active arc. Migration of the arc is 
interpreted to mainly reflect slab rollback northeast of New Zealand along the 
Tonga-Kermadec subduction system and fixed hinge slab steepening beneath the 
central North Island. 
 The strike of the Pacific slab beneath the North Island, imaged by Benioff zone 
seismicity (50-200 km) and positive mantle velocity anomalies (200-600 km) is 
parallel to the northeast trend of arc front volcanism. Arc parallelism since 16 
Ma is consistent with the view that the strike of the subducting plate has not 
changed significantly. In particular over this time, the subducting plate has not 
rotated clockwise about vertical axes in unison with rotation of the overriding 
plate. 
 Acceleration of arc front migration rates (~4 mm/yr to ~18 mm/yr), eruption of 
high Mg# andesites, increasing eruption frequency and size, and uplift of the 
over-riding plate indicate an increase in the hydration, temperature, and size of 
the mantle wedge beneath of the central North Island from ~7 Ma. 
 
Deformation of New Zealand continental crust (both terrestrial and marine) has been 
controlled over the last 38 Myr by the relative motions of the Pacific and Australian 
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plates. Relative plate motions on timescales of millions of years are estimated using 
seafloor spreading data to determine total reconstruction poles of plate rotations. These 
poles provide constraints for, and can be tested by, deformation of the Hikurangi margin 
over the last 38 Myr. Published total reconstruction poles for Australia-Pacific relative 
plate motions for the last 38 Myr were used in chapter 6 to track the evolution of 
subduction beneath the North Island and show that: 
 Plate convergence rates doubled between 20 and 16 Ma from 11 to 23 mm/yr, 
increasing again by approximately a third between 8 and 6 Ma. Plate parallel 
rates steadily increased from ~15 mm/yr at 26 Ma to 32 ± 2 mm/yr at 16 Ma 
where they have remained to the present. 
 Pacific plate motion in a west dipping subduction model shows a minimum 
horizontal transport distance of 285 km preceding the initiation of arc volcanism 
along the Northland arc normal to the motion vector, a distance more than 
sufficient for self-sustaining subduction to occur. 
 Tracking the southern and down dip limits of the presently imaged Pacific slab 
beneath the North Island indicates arc volcanism in the Taranaki Basin at 16 Ma 
and Northland at 23 Ma requires the Pacific plate to have extend as far south as 
its present position beneath the Chatham Rise (~43.5ºS), ~200 km beyond the 
seismically imaged slab, prior to the reactivation of subduction. 
 
3. Future research 
The processes and relationships identified between faulting, earthquakes and fluid-flow 
in chapters 2-6 are first-order and many warrant further detailed investigation. In 
addition, during the course of work several avenues of research were discovered which 
could not be pursued due to time and financial constraints of the project. Below I list 
some potential questions and avenues for future research. 
 
 3.1 Fault systems and their earthquakes 
 In chapter 2 I show that the distribution of fault-zone sizes and associated fluid-
flow have power-law distributions with exponents ranging from ~0.5 to 1. 
Preliminary analysis of earthquakes in the southern Taupo Rift have ?-values of 
1.08 which are comparable to fault-zone thickness distributions from well 
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constrained tunnel sections that have exponents of ~1.03 (Fig. 1). While 
speculative, these data suggest that earthquake magnitude-frequency relations 
are similar to the size distribution of faults they are occurring on, a conclusion 
drawn for control on flow rates entering the tunnel. Relating basement fault-
zone distributions to earthquake swarms occurring in the mid-crust immediately 
to the south of the eastern tunnels may provide insight into earthquake processes 
and the nature of deformation in the TVZ. 
 Utilising estimates of the stress field and fault orientations to perform fault 
reactivation, slip tendency or dilation tendency are tools often used to predict 
which faults or parts of faults are likely to enhance fluid flow. In this study these 
tools appear to provide a poor basis from which to predict which faults will 
flow. Further examples of in situ fault-fluid flow relations are required to 
examine whether the predictions were poor because the regional stress and fault 
data do not accurately describe local conditions and/or because the theory 
relating stress conditions to fluid flow is incorrect. 
 
 3.2 Slab dehydration and arc volcanism 
 The hydration and subsequent dehydration of subducting lithosphere have 
important implications for the Hikurangi margin (chapter 4). In particular, the 
distribution of fluid flux from the slab has important consequences for the 
viscosity of the mantle wedge (chapter 5) which in turn influences deformation 
in the overriding plate and the geometry of the subducting plate  (Billen & 
Gurnis, 2001; Manea & Gurnis, 2007; Wallace et al., 2009a). Numerical 
modelling of the Hikurangi margin using presently available geophysical, 
geochemical, and geological constraints to understand the influence of mantle 
viscosity on deformation in the North Island or fluid-flow pathways within the 
mantle wedge, for example, may lead to widely applicable insights into 
subduction processes. 
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Figure 1. Fault size and earthquake magnitude-frequency relations in the southern Taupo Rift. (a) 
One-dimensional fault-zone thickness population from well constrained 5 km Tongariro Power 
Development tunnel section. See chapter 2 for details. (b) Magnitude-frequency relations for 
southern Taupo Rift earthquakes (GeoNet catalogue 2001-2009 MC 2.5). Note the power-law 
exponents or the slope of the curves are similar between the width of the fault zone, which has a 
general positive relationship with fault length and displacement, and earthquake size.
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 Chapter 3 focuses on regional patterns of fault geometry and kinematics, while 
most previous geological studies have focussed on near-surface faulting. 
Marrying sub-surface gravity, MT and focal mechanism data with surface 
mapping of the faults may offer the potential to improve understanding of the 
evolution of faulting, relationships between faulting and volcanism and crustal-
scale controls on location changes in fault orientation and location. 
 The largest earthquakes recorded on Earth are associated with subduction zones. 
Recent geodetic and seismological observations reveal that a large area of the 
subduction interface along the Hikurangi margin is interseismically coupled, 
along which stress could be released in an earthquake ≥ magnitude 8(Wallace et 
al., 2009b). The spatial extent of the likely seismogenic zone associated with a 
large subduction earthquake along the Hikurangi margin is considered a 
complex interplay between overriding and subducting plate structure, subducting 
sediment, thermal effects, regional tectonic stress regime and fluid pressure 
(Wallace et al., 2009b). While speculative, I would suggest that the locked 
region of the southern Hikurangi margin is the direct result of the relatively 
strong and dry subducting plate underlying this interseismically coupled zone. In 
chapter 4 I discuss the relative hydration of the slab along strike of the 
Hikurangi margin with relation to volcanism, however, the spatial correlation 
between the high velocity section of the slab, the distribution of intraplate 
earthquakes and the interseismically coupled zone indicates slab hydration may 
also provide first-order control on subduction zone earthquakes (Fig. 3). The 
high velocity section of the southern slab is interpreted to be eclogite created 
during either the formation or partial subduction of the Hikurangi Plateau in the 
Cretaceous(Reyners et al., 2011). This relatively dense anhydrous region of the 
slab is characterised by shallow interplate and intermediate dips relative to the 
northern Hikurangi margin which, in combination with the maximum magnitude 
of earthquakes, indicates lower magnitudes of bending and normal faulting 
(chapter 4). These features, a pre-existing anhydrous composition and low 
degrees of bending and normal-faulting, may result in lower fluid fluxes at the 
plate interface resulting in increased frictional resistance to slip relative to the 
northern Hikurangi margin. Reprocessing of existing offshore seismic reflection 
data to emphasise the structure of the subducting plate could test the hypothesis 
that bend-related faulting decreases southward. Large-scale geophysical 
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transects along the margin (i.e. seismic and/or magnetotelluric) could also test 
how and where the properties of the slab change along strike. 
 Rates of SE arc migration in chapter 5 indicate a rapid increase at about ~7 Ma. 
Presently available data are consistent with the view that the increase in arc 
migration was associated with increases in the rate of relative plate motion. 
Analysis of melt inclusions from volcanic samples spanning this time interval 
might, for example, provide a test of the hypothesis that increases in subduction 
rate leads to increases in volatiles entering the mantle wedge (Manea & Gurnis, 
2007). Defining better the changing location of the convecting portion of mantle 
wedge through uplift patterns across the North Island and the implications for 
upper-plate deformation associated with changes in mantle wedge viscosity are 
both avenues for future research. 
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Figure 2. Earthquake densities in the subducting slab beneath active arc volcanoes. Contouring of 
relocated earthquake densities in 10 km deep horizontal slices of Benioff zone seismicity high-
lights the close spatial relationships between slab deydration and overlying arc volcanism 
(volcanoes = red open circles and calderas = red polygons). Note the approximately uniform 
density of earthquakes in the slab crust at 60-70 km compared with the variability in densities at 
greater depths. Warm colours represent high densities of earthquakes.
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Figure 3. Interseismic locking of the plate interface and slab hydration along the Hikurangi 
margin. (a) Interseismic slip deficit on the Hikurangi margin subduction thrust (Wallace et al., 
2012) in relation to arc volcanism (red and black triangles). Note the relationship between the 
termination of arc volcanism and the locked portion of the subduction interface. (b) P-wave veloc-
ity of the subducting slab at 48 km depth (Eberhart-Phillips et al., 2010) and the distribution of 
intraplate seismicity between 40-50 km depth (white filled circles). (c) Mantle velocity anomalies 
at 70 km depth (Li et al., 2008) showing the distribution of relatively hydrated (warm colours) and 
anhydrous (cool colours) mantle wedge west of Benioff zone seismicity (depth range 60-70 km) 
(white filled circles). See chapter 5 for details. Velocity models are consistent with decreasing slab 
and mantle wedge hydration to the south (chapter 4)
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Appendix 
Appendix 1: Gravity  
This appendix contains information on gravity methods and data that have been 
conducted during this thesis. Appendix 1 supplements information presented in chapter 
3. 
 
Gravity surveying is used to investigate subsurface geology using the variations in the 
Earth’s gravitational field arising from density contrasts between subsurface rocks. 
Rocks with densities different to their surroundings represent zones of anomalous mass 
that cause local perturbations in the gravitational field termed gravity anomalies. Due to 
the generally high density contrast between volcanoclastic deposits overlying basement 
(≤ 670 kg/m3), delineation of subsurface structure using gravity in the Taupo Rift and 
Taupo Volcanic Zone has been particularly successful. Gravity surveying has been used 
to map top basement and caldera collapse structures in the central North Island that 
underlie thick (e.g. > 2 km) accumulations of Late Quaternary (< 400 ka) low-density 
volcanic products (Wilson et al., 1984; Stern et al., 2006; Seebeck et al., 2010).  
 
  A1. Survey methodology 
Field observations in the Taupo Rift were undertaken by the author during two surveys 
between the 10th February 2009 and the 5h February 2010 using a Lacoste and Romberg 
gravimeter (serial number G106). The calibration of the gravimeter is maintained by 
Trevor Hunt, GNS Science Wairakei. The location and height of each observation was 
established with a Leica Real-Time Kinematic (RTK) differential GPS system in both 
real-time and post-processing mode using the New Zealand Geodetic Datum 2000 trig 
point Waimangu.  
During the survey 130 new gravity stations were established (Fig. A1) and tied 
to Reporoa gravity station 156 (E2801549 N6302170 height 295 m (MSL) 979976.414 
mGal), which is part of the New Zealand Primary Network (Robertson & Reilly, 1960). 
The daily determination of instrumental drift included the occupation of the Primary 
Gravity Network station at the beginning and end of each day and by looping to local 
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studies. Inset shows gravity stations occupied during this study. 
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base stations (i.e. repeat readings of previously measured stations). Observations were 
made along public and private roads. The design of the surveys was based around two 
objectives: filling gaps in the New Zealand Gravity Station Network along the Taupo 
Rift axis (1-2 km spacing) and a detailed survey normal to the rift axis across the Paeroa 
Fault (0.25-0.5 km spacing). 
  A2. Data Reduction 
The gravimeter observations were corrected for tidal effects of the Sun and Moon 
before solving for the instrumental drift and detection of any jumps or tares in the 
observations. The corrected gravity values have a standard error of approximately ±0.02 
mGal. No instrument tares were recorded during either of the survey periods. The tying 
of each survey to the Primary Gravity Network Station at Reporoa ensures the gravity 
values are compatible with historical data within the New Zealand Gravity Station 
Network. 
Free-air and Bouguer anomalies have been calculated using the method 
described in Reilly (1970, 1972 and references therein). Using the 1960 International 
formula for the external gravity field, the Free-air anomaly ΔgF is found from the 
observed gravity g at latitude φ and height h (km) by: 
ΔgF = g – γh 
Where  
γh = 978 049 + 5149.34sin2φ + 22.83sin4φ + 0.12sin6φ + h(-308.777 + 0.452sin2φ) + 
h2(0.0727-0.0002sin2φ) mGal 
 
The Bouguer anomaly ΔgB is found from  
ΔgB = g – γB 
γB is calculated by the addition of the gravitational effect of topography (i.e. departure 
of the physical surface from the geoid) to γh out to a radius of 166.7 km for each station. 
Densities of 2670 kg/m3 and 1030 kg/m3 are assumed for the topography (rock) and 
water respectively.  
γB = γh + b(h) + Δb1 + Δb2 + c 
Where b(h) is the attraction of a circular plate of rock with a radius of 21.944 km and 
thickness h equal to the height of the station above sea level. The terms Δb1 and Δb2 are 
the inner (Hammer zone B-D) and outer terrain corrections (Hammer zone E-M), 
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respectively and c is the complete topographic correction from 21.944 km (Hammer 
zone M) to 166.7 km after Reilly (1970). 
The correction for nearby topography out to Hammer D zone (170 m), or the 
inner terrain correction, was determined in the field by visual estimation of the height of 
the terrain relative to each observation point. The outer terrain corrections (Hammer E-
M) were computed in the reduction stage using a 10 m digital terrain model and range 
in magnitude from 0.1 mGal in relatively flat areas to 2.75 mGal in locations with steep 
topography. The average terrain correction for the 130 measurements approaches 1 
mGal due to the highly variable and often steep volcanic terrain. 
 
  A3. Sources of Error 
Three main sources of error in the gravity observations have been identified; 
observational, elevation, and terrain estimation. Observational error for the calculated 
gravity at each station is a function of the gravimeter dial reading and the time of 
measurement. Time observations are used for calculating instrumental drift and the 
diurnal gravity variation. The LaCoste and Romberg gravity meter dial divisions 
represent approximately 0.01 mGal per division, repeat readings at stations typically 
produced residuals with standard deviation of ±0.02 mGal. 
 The elevation above sea-level of each gravity station was measured by a Leica 
SR530 Real-Time Kinematics Global Positioning system. An orthometric height for 
each gravity station was established using the New Zealand Geodetic Datum 2000 trig 
point Waimangu (Geodetic code 3073) NZMG E2806294.38 N6318297.52 orthometric 
height 467.75 m). This geodetic mark has a 3rd order control on both horizontal and 
vertical axes on the order of ±0.01 m. Coordinate quality is typically of the order of 
±0.05 m for well resolved stations ranging to ±0.5 m for stations with limited satellite 
coverage. The uncertainty in the gravity arising from errors altitude is ±0.1 mGal. 
 Terrain estimation is potentially the largest and least quantifiable error in the 
calculation of Bouguer gravity anomalies. For each station, the terrain in a 170 m radius 
(Hammer zone D) was estimated in the field. Terrain corrections to a radius of 21.944 
km (Hammer zones E-M) are calculated from a 10 m digital terrain model derived from 
Land Information New Zealand 1:50 000 topographic map sheets assuming a density of 
2670 kg/m3 for the topography. All terrain corrections for topography were calculated 
using GNS Science programs NEAR_TERRAIN and TERRAIN. 
Appendix 
 
245 
 
 The effect of a topographic feature on any gravity observation is inversely 
proportional to the distance from the observation point. For example, an error in 
estimate of 50 m in elevation of a compartment in Hammer zone H (1530-2615 m) will 
result in an error in the terrain correction of 0.005 mGal, whereas an error in the 
elevation estimate of 50 m for Hammer zone C (16.6-53.3 m) will result in an error of 
~0.25 mGal. Errors in terrain correction for the outer Hammer zones will tend to cancel 
one another out, while consistent over or under estimation in near zone elevation 
variation will produce estimated terrain correction errors of approximately ±0.3 mGal. 
  
  A4. GNS Land Gravity Database 
Gravity data collected as part of this thesis was complemented with existing data from 
the New Zealand Gravity Station Network (http://maps.gns.cri.nz/website/gravity/). An 
existing onshore gravity dataset covering an area of 60 x 103 km2 (13560 stations) has 
been extracted from the New Zealand Gravity Station Network for the central North 
Island (Fig. A1). These gravity data, collected over the past 60 years by numerous 
workers, are tied to the New Zealand Primary Gravity Network and reduced to Bouguer 
anomalies using the method of Reilly (1972) and a crustal density of 2670 kg/m3. The 
principal source of error between existing and recent datasets is the method of altitude 
determination. The majority of the pre-existing gravity data have elevations derived 
from barometric levelling. All station altitudes in the New Zealand Gravity Station 
Network are checked against a digital elevation model with a 10 m cell size resolution 
and those station altitudes that differ from the model >20 m excluded from this study. 
Manual inspection of the data identified that station 2411 of the NZ Land Gravity 
Database has a recorded height of 55.7 m whereas the altitude of the topography and 
adjacent gravity stations is ~320 m above sea-level and is excluded as an erroneous 
station for this reason.  
 In addition to the data collected in this study, published (Davy & Caldwell, 
1998; Mouslopoulou et al., 2008; Seebeck et al., 2010) and unpublished (Stagpoole et 
al., 2005) gravity data have been included with the New Zealand Gravity Station 
Network to increase the data density along the Taupo Rift axis (Fig. A2). These data 
were collected and reduced consistent with the methods outlined above and with the NZ 
Land Gravity database. Comparison of Bouguer anomalies in the same location show 
typical variations of < 2 mGal between pre-existing and new data sets. As interpolation 
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Appendix Figure 2. Residual gravity maps and station locations. (a) New Zealand Gravity Station 
Network  locations (black filled circles) and associated residual gravity map. See text for meth-
ods. (b) Additional gravity stations used to constrain basement geometry in the Taupo Rift (black 
lines) with updated residual gravity map. Gravity stations from Davy & Caldwell (1998) across 
Lake Taupo (not shown), Stagpoole & Beetham (2005) (filled green circles), Mouslopoulou et al. 
(2008) (red filled circles), Seebeck et al. (2010) (light blue filled circles), and this study (black 
filled circles).
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functions are generally used to contour the gravity data (Stagpoole & Bibby, 1999) 
these errors become insignificant, particularly when first order trends are being 
considered as they are here. 
 
 A5. Residual Gravity 
Gravity anomalies represent the departure of the observed gravity field from a standard 
uniform Earth model. The effect of low density material in the upper crust combined 
with density variations in the deeper structure of the Earth result in the gravity 
anomalies observed along the Taupo Rift (Bibby et al., 1995). Long wavelength gravity 
anomalies (e.g. > 100 km) from the deep structure within the Earth (i.e. the subducting 
plate beneath the North Island) are considered part of the regional gravity field. A third-
order, two-way, regional gravity field for the central North Island calculated by Stern 
(1979) is used here. Stern’s long wavelength signal is derived from Bouguer gravity 
anomalies observed either side of the central North Island on a geologically uniform 
Mesozoic greywacke basement. Following the method of Stagpoole & Bibby (1999) 
this regional gravity field has been subtracted from the combined Bouguer gravity 
anomaly data to provide a residual gravity anomaly dataset from which the location and 
trend of rift and/or volcanic depressions can be interpreted (Fig. 4). 
 
 
 
 
 
 
 
 
 
Table 4. Summary of Gravity data acquired during this study. Header information: 
Station number; X and Y, NZMG East and North coordinates; Height, metres above 
sea-level; Gravity, Absolute gravity minus 975000 in μN/kg; Date, yy mm dd; Inner 
Terrain, Hammer zone B-D; Outer Terrain, Hammer zone E-M; FAA; Free-air 
Anomaly; BA, Bouguer Anomaly; ISO, Isostatic Anomaly; Regional, calculated 
regional anomaly of Stern (1979); Residual, BA-Regional. Note all gravity reported in 
μN/kg. 1 μN/kg = 0.1 mGal. 
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STATION X Y HEIGHT GRAVITY METER DATE_ TER_IN TER_OUT FAA BA ISO REGIONAL RESIDUAL 
7200 2802355 6304217 296.5 49745.5 106 90210 0.1 2.3 253 -60.2 138.9 305.8 -366.0 
7201 2802075 6304325 296.5 49751.9 106 90210 0 2.4 260.2 -53.1 144.8 307.9 -361.0 
7202 2801544 6304500 297.7 49763.8 106 90210 0.1 2.6 277 -37.3 160.3 311.6 -348.9 
7203 2801333 6305029 299.2 49775.3 106 90210 0.1 2.8 297.3 -18.5 177.7 316.5 -335.0 
7204 2801039 6305378 304.3 49773.2 106 90210 0.2 3.1 313.6 -7.6 187.8 320.4 -328.0 
7205 2800810 6305776 309.2 49775 106 90210 0.1 3.4 333.6 7.1 201.5 324.3 -317.2 
7206 2800471 6305920 311.7 49780 106 90210 0.1 3.8 347.3 18.4 212.5 326.8 -308.4 
7207 2800071 6306093 316.9 49779.9 106 90210 0.1 4.5 364.5 30.5 224.4 329.7 -299.2 
7208 2799617 6306292 318.7 49783.1 106 90210 0.1 5.5 374.7 39.8 233.3 333.1 -293.3 
7209 2799326 6306425 325.3 49773.3 106 90210 0.1 6.3 386.2 44.7 237.9 335.2 -290.5 
7210 2798853 6306629 365.9 49679.3 106 90210 0.1 6.3 418.9 32.2 224.9 338.6 -306.4 
7211 2802723 6304320 296.5 49746.9 106 90210 0 2.3 255.4 -58.1 140.6 305.0 -363.1 
7212 2803373 6304422 296.8 49763.9 106 90210 0.1 2.4 274.3 -39.3 158.5 302.8 -342.1 
7213 2803952 6304919 298.4 49765.6 106 90210 0 2.6 285 -30.3 165.4 304.1 -334.4 
7214 2804155 6305293 299.7 49759.9 106 90210 0 2.7 286.4 -30.4 163.8 306.0 -336.4 
7215 2804663 6305201 300.3 49768.1 106 90210 0 2.8 295.8 -21.4 172.8 303.0 -324.4 
7216 2805085 6304917 303.7 49774.8 106 90210 0.1 3.1 310.9 -9.8 186.1 298.9 -308.7 
7217 2802722 6306255 304.6 49751.3 106 90210 0.1 2.8 300 -22.1 170 319.7 -341.8 
7218 2793906 6308821 465.4 49462.2 106 90211 0.7 57.7 524.8 79.7 267.7 372.3 -292.6 
7219 2793876 6308847 455.5 49485.9 106 90211 0.5 53.2 518.1 79.2 267.3 372.6 -293.4 
7220 2793805 6308870 446.1 49510.4 106 90211 0.3 47.3 513.8 79.2 267.2 373.0 -293.8 
7221 2793708 6308926 438.6 49532.7 106 90211 0.1 38.1 513.4 77.8 265.7 373.7 -295.9 
7222 2793601 6308980 438 49542.4 106 90211 0.2 30.1 521.6 78.8 267.1 374.4 -295.6 
7223 2793471 6309058 440.8 49547 106 90211 0 23.6 535.5 82.9 271 375.4 -292.5 
7224 2792898 6309469 512.7 49416.8 106 90211 0.1 11.3 630.2 85.8 273.5 380.1 -294.3 
7225 2793339 6309684 463.5 49514.9 106 90211 0.3 13.3 578.2 90.5 277.1 380.0 -289.5 
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STATION X Y HEIGHT GRAVITY METER DATE_ TER_IN TER_OUT FAA BA ISO REGIONAL RESIDUAL 
7226 2793589 6309480 425.7 49591.6 106 90211 0.1 21.1 536.8 98.6 285.1 377.8 -279.2 
7227 2793686 6309356 417.3 49600.4 106 90211 0.1 25 518.7 93.6 280.5 376.7 -283.1 
7228 2793943 6309601 413.6 49599.6 106 90211 0.1 24.2 508.6 86.9 273 377.4 -290.5 
7229 2792548 6311164 393.6 49587.8 106 90211 0.2 11 447 34.1 215.8 392.3 -358.2 
7230 2792509 6311646 373.8 49621.3 106 90211 0.1 7.4 423.1 28.5 209.1 395.5 -367.0 
7231 2788384 6313687 308.2 49632.7 106 90212 0.1 3.2 247.2 -79.1 97.3 420.4 -499.5 
7232 2788711 6313476 316 49631.6 106 90212 0.3 3.3 268.5 -66.1 110.6 418.2 -484.3 
7233 2789110 6313248 290.5 49683.1 106 90212 0 3.8 239.6 -66.5 110.9 415.7 -482.2 
7234 2789250 6312929 292.3 49690.6 106 90212 0.1 4.3 250.2 -57.2 120.9 413.4 -470.6 
7235 2789675 6312807 294.9 49702.8 106 90212 0.5 4.6 269.5 -40.1 138.2 411.4 -451.5 
7236 2789970 6312565 300.8 49703.9 106 90212 0.3 6 287.1 -27.9 150.9 409.1 -437.0 
7237 2790356 6312464 305 49711 106 90212 0.2 5.2 306.4 -14 164.8 407.3 -421.3 
7238 2790760 6312589 320.9 49690.2 106 90212 0.5 6.4 335.8 -0.7 177 406.9 -407.6 
7239 2791209 6312510 338 49677.2 106 90212 0.6 6.8 375.1 20 197.7 405.0 -385.0 
7240 2791618 6312333 354.6 49651.5 106 90212 1.2 10.1 399.4 29.7 207.7 402.7 -373.0 
7241 2791845 6312110 361.4 49648.5 106 90212 0.3 9.6 415.6 37 215.4 400.5 -363.5 
7242 2792171 6311917 366.1 49637.5 106 90212 0.1 6.2 417.7 30.4 209.1 398.3 -367.9 
7243 2797058 6307452 492.4 49476.6 106 90212 0.3 20.3 612.6 99.8 290.9 351.5 -251.7 
7244 2796136 6308293 761.6 48857.8 106 90212 0.1 46 830.7 47.5 235.8 360.8 -313.3 
7245 2796185 6308160 747.2 48893.3 106 90212 0.2 46.2 820.8 53.7 242.3 359.7 -306.0 
7246 2796330 6308284 709.3 48992.7 106 90212 0.2 35 804.2 67.3 255.7 360.0 -292.7 
7247 2796430 6308203 687.4 49059.6 106 90212 0.5 31.1 802.9 86.4 275 359.1 -272.7 
7248 2796416 6308039 641 49138.6 106 90212 0.5 29 737.5 69.7 259 358.0 -288.3 
7249 2796522 6307862 608 49212.8 106 90212 0.6 24.2 708.5 72.4 262.2 356.3 -283.9 
7250 2796753 6307840 578 49293.2 106 90212 0.5 22 696.3 90.9 280.8 355.3 -264.4 
7251 2796889 6307668 542.7 49366.6 106 90212 0.5 19.2 659.5 90.2 280.6 353.6 -263.4 
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STATION X Y HEIGHT GRAVITY METER DATE_ TER_IN TER_OUT FAA BA ISO REGIONAL RESIDUAL 
7252 2797242 6307363 482.8 49494.1 106 90212 0.3 17.5 599.8 94.8 286.2 350.1 -255.3 
7253 2797604 6307191 451 49533 106 90212 0.1 12.2 539.3 64.1 255.9 347.5 -283.4 
7254 2798089 6306975 411.7 49599.7 106 90212 0.1 8.4 483.2 47.7 239.7 344.1 -296.4 
7255 2792737 6310951 446 49494.6 106 90212 0.3 14.3 513.8 46.2 229.7 390.3 -344.1 
7256 2793039 6310793 494.5 49415.7 106 90212 0.5 14.6 583.4 62.6 246.3 388.3 -325.7 
7257 2793311 6310537 509.9 49398.4 106 90212 0.2 12.1 611.7 71.2 255.3 385.7 -314.5 
7260 2796029 6313062 358.2 49680.3 106 100202 0 6.3 446.2 67.5 243 393.4 -325.9 
7261 2795880 6312211 364.4 49677.1 106 100202 0 9.4 455.4 73 250.1 388.2 -315.2 
7262 2795050 6310997 374.8 49673.8 106 100202 0 16.1 474.4 87.3 268.4 382.9 -295.6 
7263 2794635 6310382 382.6 49654.1 106 100202 0 22.4 473.8 84.3 268.7 380.2 -295.9 
7264 2793919 6309576 414.1 49598.2 106 100202 1 24.4 508.5 87.3 273.5 377.3 -290.0 
7265 2792858 6308432 471.1 49495.8 106 100202 3 19.6 572.6 85.4 275.3 373.4 -288.0 
7266 2792056 6307797 477.8 49496 106 100202 8 20.8 588.2 99.8 291.7 371.9 -272.1 
7267 2791607 6307072 456.5 49532.1 106 100202 1 29.4 552.7 89.5 283.6 368.7 -279.2 
7268 2790837 6306343 402.7 49640.9 106 100202 1 22.2 489.5 78.8 275.2 366.6 -287.8 
7269 2790203 6305723 403.6 49655 106 100202 1 13.4 501.4 80.9 279.2 364.7 -283.8 
7270 2789640 6305216 405.2 49648.7 106 100202 0 9.9 495.9 69.2 268.9 363.3 -294.1 
7271 2788725 6303705 430.7 49603.4 106 100202 1 9 517 62.3 266.1 356.7 -294.4 
7272 2788050 6302525 445 49582.5 106 100202 2 6.8 530.7 59.2 266.7 351.3 -292.1 
7273 2786571 6302409 362.2 49770.8 106 100202 7 14.6 462.1 95.3 302.6 355.9 -260.6 
7274 2785820 6302913 438.9 49591 106 100202 2 6.6 522.8 57.9 263.6 361.7 -303.8 
7275 2785402 6303318 388.4 49693.3 106 100202 3 7.7 472.4 65.6 271.2 365.7 -300.1 
7276 2787774 6302371 445.8 49597.6 106 100202 0 7.9 546.9 73.6 280.5 351.3 -277.7 
7277 2784582 6305205 398.2 49624.7 106 100202 4 10.4 448.7 34.2 235.2 380.2 -346.0 
7278 2784450 6306305 324.2 49742 106 100202 8 12.6 346.3 20.3 218 387.4 -367.1 
7279 2784868 6306738 312.2 49767 106 100202 2 11.2 337.9 17.8 214.3 388.7 -370.9 
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STATION X Y HEIGHT GRAVITY METER DATE_ TER_IN TER_OUT FAA BA ISO REGIONAL RESIDUAL 
7280 2785698 6307977 320.6 49718.2 106 100202 6 6.5 325 -5.2 188 393.7 -398.9 
7281 2786681 6308737 327.3 49702.2 106 100202 4 5.6 335.9 -4.7 186.3 395.3 -400.0 
7282 2795171 6313021 363.4 49658.9 106 100203 0 6 440.4 55.6 231.6 395.9 -340.3 
7283 2794823 6313794 362.2 49611.6 106 100203 0 3 395.4 8.9 182.9 402.1 -393.2 
7284 2794181 6314189 384.1 49563.4 106 100203 1 3.2 417.7 8.1 181.7 406.6 -398.5 
7285 2794092 6315197 410.2 49497.6 106 100203 4 3.5 440.3 5 174.1 413.4 -408.4 
7286 2794595 6316083 371.2 49585.4 106 100203 2 4 414.9 21 188.2 417.5 -396.5 
7287 2795695 6316724 357 49608.5 106 100203 1 3.8 399.6 20.4 185.6 418.3 -397.9 
7288 2796534 6315977 377.7 49563.9 106 100203 0 3.1 413.2 9.4 176.1 411.0 -401.6 
7289 2796976 6315606 378 49584.1 106 100203 0 3.5 431.5 27.7 195.2 407.2 -379.5 
7290 2797524 6314862 381 49614.6 106 100203 0 3.7 465.6 58.7 228 400.5 -341.8 
7291 2798105 6314569 375.8 49629.6 106 100203 0 5.3 462.4 62.9 232.1 396.7 -333.8 
7292 2794457 6318039 316.2 49645.4 106 100203 1 7.4 320.6 -10.4 151.3 430.2 -440.6 
7293 2798180 6325372 404.1 49392.2 106 100203 1 3.9 397.7 -35.6 103.8 466.0 -501.6 
7294 2797707 6324597 428 49373.1 106 100203 4 3.4 446 -11.1 129.8 462.4 -473.5 
7295 2796751 6323256 411.9 49366 106 100203 2 3.9 378.4 -62.3 82.8 456.5 -518.8 
7296 2795416 6322112 363.6 49470.9 106 100203 0 8.2 324.8 -59.4 89.4 452.8 -512.2 
7297 2794767 6320935 390.7 49412.7 106 100203 3 3.1 340.7 -75.5 77.4 447.3 -522.8 
7298 2794520 6319933 367.7 49483.9 106 100203 2 3.5 333 -58.3 97.9 441.8 -500.1 
7299 2794792 6318873 331.6 49591.9 106 100203 1 7.9 321.4 -26.4 132.7 434.5 -460.9 
7300 2795264 6322770 431.3 49313.3 106 100203 2 3.6 381.3 -80.4 66.1 457.2 -537.6 
7301 2793225 6318015 311.3 49632.4 106 100203 1 3.4 292 -37.6 125.7 433.5 -471.1 
7302 2795415 6318152 378.5 49521.9 106 100203 4 5.7 390.6 -8.4 152.2 428.2 -436.6 
7303 2799293 6316523 434.5 49496 106 100203 2 5.1 525.7 62.4 226 405.9 -343.5 
7304 2798785 6315465 404.2 49561.4 106 100203 1 4.2 489.1 58 224 400.4 -342.4 
7305 2806113 6322929 532 49207.9 106 100203 4 10.9 591.1 27.2 165.1 427.8 -400.6 
Appendix 
 
252 
 
STATION X Y HEIGHT GRAVITY METER DATE_ TER_IN TER_OUT FAA BA ISO REGIONAL RESIDUAL 
7306 2805149 6322465 577.2 49097.5 106 100203 4 12 616.1 3.5 143.8 427.7 -424.2 
7307 2804261 6322460 612.9 49006.4 106 100203 1 10.3 634.8 -21.2 119.8 430.4 -451.6 
7308 2803145 6321778 568.7 49091.6 106 100203 10 9.4 578 -21.7 122.2 429.2 -450.9 
7309 2788858 6307877 379.1 49680.9 106 100204 3 6.8 468.3 70.1 262.7 383.1 -313.0 
7310 2789754 6308477 359.4 49725.4 106 100204 11 11.6 457 93.6 284.4 384.0 -290.4 
7311 2790329 6310002 366.3 49659.3 106 100204 2 8.7 424.4 41.4 228 391.9 -350.5 
7312 2790985 6311130 346.6 49681.5 106 100204 5 8.5 394.9 36.5 218.4 397.0 -360.5 
7313 2792639 6316279 299.4 49692.1 106 100204 3 5 301 -11 157.1 424.4 -435.4 
7314 2792205 6315368 297.2 49713 106 100204 2 6.3 307.9 -1.2 169.3 419.9 -421.1 
7315 2791073 6314601 296.7 49693.1 106 100204 2 5.7 280 -29.1 143.4 418.4 -447.5 
7316 2787566 6306823 429.2 49591.2 106 100204 9 8.1 524.5 78.2 273.7 380.7 -302.5 
7317 2788588 6305223 432.9 49599.9 106 100204 13 5.8 532.3 83.7 283.1 367.0 -283.3 
7318 2791452 6302729 561.7 49286.3 106 100204 7 9 597.1 3.6 209.1 340.1 -336.5 
7319 2792726 6301869 461 49489.3 106 100204 21 8.1 483 13.9 221.8 329.2 -315.3 
7320 2793200 6300855 424.9 49552.1 106 100204 30 9.3 426.5 7.6 219 320.2 -312.6 
7321 2793023 6300027 414.9 49579.4 106 100204 2 6.2 416.4 -22.4 192.4 315.0 -337.4 
7322 2792954 6299169 407.1 49590.9 106 100204 9 7.2 397 -24.9 192.2 309.2 -334.1 
7323 2793993 6298295 391.4 49613.9 106 100204 10 8.4 365 -37.2 182.3 298.4 -335.6 
7324 2794774 6297895 374.6 49645.8 106 100204 21 6.4 342.1 -32.4 188 292.0 -324.4 
7325 2795718 6297362 326.6 49721.2 106 100204 11 3.6 265.5 -68.2 153.7 283.8 -352.0 
7326 2796358 6296735 301.1 49766.1 106 100204 0 2.6 226.9 -90.3 132.6 276.2 -366.5 
7327 2795311 6308855 881.8 48546.9 106 100205 5 80.6 894.9 20.8 207.4 367.6 -346.8 
7328 2795433 6308719 866.7 48589.8 106 100205 5 67.7 890.1 19.6 206.6 366.2 -346.6 
7329 2795648 6308744 846.5 48641.7 106 100205 4 62.4 879.9 25.1 212 365.6 -340.5 
7330 2795810 6308587 799.7 48761 106 100205 13 49.6 853.7 45.9 233.3 364.0 -318.1 
7331 2796009 6308614 765.1 48849.9 106 100205 12 39.9 836.1 55.3 242.7 363.4 -308.1 
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Appendix Figure 3. North Island regional stress and strain orientations. Orientation of Shmax 
derived from focal mechanisms (Sherburn et al., 2009) and first motions (Hurst et al., 2002; 
Hayes et al., 2004; Sherburn & White, 2005; Hurst et al., 2008; Reyners, 2010) from mid-crustal 
earthquakes with bore hole breakouts from the Australasia stress map 
(www.asprg.adelaide.edu.au/asm/). Principal shortening directions from GPS inversion (Beavan 
et al., 2007). 
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Appendix 2: Earthquake statistics 
Appendix 2 supplements information presented in chapter 4. Appendix Tables 2 and 3 
detail the statistics of earthquakes from the GeoNet catalogue (www.GeoNet.org.nz) 
1988-2010 analysed in chapter 4. See chapter 4 Fig. 3 for the location of sections 
detailed in each table. The statistics for 40 and 200 km deep intervals through the 
subducting slab for each section are shown where ܰ is the number of earthquakes in 
each interval and MO is the approximate seismic moment. The approximate seismic 
moment MO is based on ML where ML = (1.09 ± 0.10) MW + (0.05 ± 0.06)(Ristau, 
2009). The constant ܽ is a measure of the seismicity rate (ܽ כ is the annual seismicity 
rate) and the constant ܾ is the ratio of large to small earthquakes (generally in the 
interval 0.8 < ܾ > 1.2). The constants ܽ and ܾ are from the Gutenberg-Richter 
frequency-magnitude relation where the number ܰ of earthquakes of size greater than ݉ 
in a specific area follow:  
݈݋݃ܰ ൌ  ܽ െ  ܾ݉ 
The intervals highlighted in red are considered anomalous due to high numbers of 
earthquakes compared with adjacent sections. These seismicity rate anomalies are 
clearly seen in depth distribution profiles shown in chapter 4 Fig. 8.  
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Table 5. GeoNet catalogue (1988-2010) 150 km wide dip-parallel sections.  
ML ≥ 3.6  South Central North Offshore
 N 1166 1680 4668 3362
Catalogue Mo 2.242 x 1026 5.264 x 1026 8.047 x 1026 7.567 x 1026
 a 6.63 6.79 7.47 7.06
 a* 5.28 5.44 6.12 5.71
 b 0.99 ± 0.03 0.99 ± 0.02 1.05 ± 0.01 0.98 ± 0.01
 N 270 255 277 438
 Mo 7.699 x 1025 8.72 x 1025 2.278 x 1025 1.428 x 1025
50-90 a 5.74 5.87 5.99 6.29
km a* 4.4 4.53 4.65 4.95
 b 0.918 ± 0.05 0.962 ± 0.06 0.985 ± 0.05 1.01 ± 0.04
 N 202 160 361 391
 Mo 5.112 x 1025 1.073 x 1025 2.477 x 1025 2.928 x 1025
90-130 a 5.78 5.94 6.69 6.42
km a* 4.45 4.62 5.53 5.08
 b 0.965 ± 0.07 1.04 ± 0.07 1.15 ± 0.06 1.06 ± 0.05
 N 255 187 2021 691
 Mo 6.364 x 1025 1.222 x 1025 47.36 x 1025 5.258 x 1025
130-170 a 6.09 6.36 7.33 6.55
km a* 4.75 5.05 5.99 5.21
 b 1.02 ± 0.06 1.13 ± 0.08 1.12 ± 0.02 1.03 ± 0.03
 N 272 360 1290 607
 Mo 2.154 x 1025 10.78 x 1025 8.556 x 1025 10.6 x 1025
170-210 a 6.46 6.33 6.84 6.6
km a* 5.12 5 5.5 5.26
 b 1.12 ± 0.06 1.05 ± 0.05 1.04 ± 0.03 1.06 ± 0.04
 N 84 544 279 602
 Mo 0.503 x 1025 29.28 x 1025 1.337 x 1025 6.828 x 1025
210-250 a 5.42 6.01 6.37 5.98
km a* 4.09 4.67 5.03 4.64
 b 0.97 ± 0.09 0.91 ± 0.03 1.09 ± 0.06 0.888 ± 0.03
 N 1083 1506 4228 2729
 Mo 2.183 x 1026 5.108 x 1026 6.201 x 1026 2.704 x 1026
50-250 a 6.62 6.72 7.52 7.05
km a* 5.28 5.38 6.18 5.71
 b 0.997 ± 0.03 0.984 ± 0.02 1.08 ± 0.01 1.0 ± 0.02
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Table 6. GeoNet catalogue (1988-2010) 100 km wide relative motion vector parallel 
sections.  
ML ≥ 3.6 S2 S1 C N1 N2
 N 655 1097 1597 4599 3166
Catalogue Mo 2.726 x 1026 2.02 x 1026 6.821 x 1026 7.87 x 1026 3.915 x 1026
 a 6.58 6.54 6.93 7.5 6.95
 a* 5.24 5.2 5.59 6.16 5.61
 b 1.05 ± 0.04 0.97 ± 0.03 1.03 ± 0.02 1.07 ± 0.01 0.96 ± 0.01
 N 225 326 266 397 158
 Mo 24.72 x 1025 5.64 x 1025 4.512 x 1025 2.646 x 1025 0.451 x 1025
50-90 a 5.61 5.99 5.92 6.28 6.37
km a* 4.2 4.65 4.58 4.94 5.04
 b 0.90 ± 0.06 0.97 ± 0.05 0.97 ± 0.05 1.02 ± 0.04 1.14 ± 0.09
 N 145 166 216 384 355
 Mo 1.647 x 1025 4.186 x 1025 2.108 x 1025 2.539 x 1025 2.791 x 1025
90-130 a 6.14 5.54 6.15 6.72 6.33
km a* 4.81 4.21 4.82 5.38 4.99
 b 1.11 ± 0.09 0.92 ± 0.07 1.06 ± 0.07 1.15 ± 0.05 1.05 ± 0.05
 N 72 209 221 1985 751
 Mo 0.135 x 1025 6.397 x 1025 1.221 x 1025 4.53 x 1025 7.399 x 1025
130-170 a 6.89 5.7 6.65 7.25 6.74
km a* 5.59 4.37 5.31 5.91 5.4
 b 1.4 ± 0.2 0.93 ± 0.06 1.19 ± 0.08 1.01 ± 0.02 1.07 ± 0.03
 N 96 183 391 1159 731
 Mo 0.217 x 1025 1.93x 1025 10.8 x 1025 7.025 x 1025 5.121 x 1025
170-210 a 6.5 6.32 6.52 6.82 6.62
km a* 5.18 4.98 5.19 5.48 5.28
 b 1.25 ± 0.1 1.13 ± 0.08 1.09 ± 0.05 1.04 ± 0.03 1.04 ± 0.03
 N 84 50 403 393 567
 Mo 0.054 x 1025 0.41 x 1025 21.44 x 1025 8.896 x 1025 6.861 x 1025
210-250 a 6.97 4.77 6.02 6.3 5.99
km a* 5.69 3.46 4.68 4.96 4.65
 b 1.48 ± 0.2 0.853 ± 0.1 0.95 ± 0.04 1.03 ± 0.05 0.89 ± 0.03
 N 583 934 1497 4318 2562
 Mo 2.677 x 1026 1.856 x 1026 4.008 x 1026 2.704 x 1026 2.262 x 1026
50-250 a 6.63 6.45 6.9 7.5 7.01
km a* 5.29 5.1 5.55 6.16 5.67
 b 1.07 ± 0.04 0.97 ± 0.03 1.03± 0.02 1.07 ± 0.01 1.0 ± 0.02
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Appendix Figure 5. Pacific plate geometry from relocated Benioff zone seismicity. Relocated 
seismicity (2001-2009 ML ≥ 2.5) (white filled circles) and P-wave velocity model of the subduct-ing Pacific plate at various depths. The western limit of seismicity is used to approximate the 
upper surface of the slab (red line). P-wave velocity model (Vp) of Eberhart-Phillips et al. (2010) 
showing the high velocity slab, meaningful velocity information contained within spread function 
contour ≤ 3 (white lines). 
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Appendix Figure 6. Mantle velocity anomalies at 600km depth (Li et al., 2008). See chapter 5 for 
details. Alignment of deep earthquakes beneath Taranaki at ~600 km (black filled circles) 
(Boddington et al., 2004) consistent with strike of positive mantle velocity anomaly.
-2
-1
0
1
dVp
(%)
Appendix 
 
260 
 
Appendix 3: Finite poles of rotation  
Appendix 3 supplements information presented in chapter 6.  
Key to Appendix Tables 
Plate ID Plate # References
901 
801 
802 
804 
Pacific 
Australia 
East Antarctica 
West Antarctica (Marie Byrd Land) 
 
1
2 
3 
4 
5 
6 
7 
8 
Cande & Stock (2004) 
Cande et al. (2000) 
Croon et al. (2008) 
Schellart et al. (2006) 
Royer & Sandwell (1989) 
Royer & Rollet (1997) 
Cande et al. (1995) 
Keller (2003) 
 
Table 7. Calculated Australia-Pacific  
Finite rotations from Cande & Stock (2004) 
Moving 
Plate ID 
Age (Ma) Latitude (°N) Longitude 
(°E) 
Angle(°) Fixed Plate 
ID 
#
901 2.58 -58.761 -175.666 -2.766 801 1
901 6.04 -59.347 -174.331 -6.385 801 1
901 10.95 -58.244 -174.873 -11.933 801 1
901 20.13 -56.392 -175.556 -22.217 801 1
901 26.55 -55.03 -176.889 -29.232 801 1
 
 
Table 8. 4 Plate model Australia-Antarctica-Pacific  
finite rotations from Cande & Stock (2004) 
Moving 
Plate ID 
Age (Ma) Latitude (°N) Longitude 
(°E) 
Angle(°) Fixed Plate 
ID 
#
801 2.58 -11.16 -139.7 1.65 802 1
801 6.04 -11.59 -139.2 3.83 802 1
801 10.95 -11.9 -142.1 6.79 802 1
801 20.13 -13.39 -145.6 12.05 802 1
801 26.55 -13.8 -146.4 15.92 802 1
801 28.74 -13.58 -146 17.32 802 1
801 30.94 -13.4 -145.6 18.89 802 1
801 33.54 -13.45 -146.6 20.49 802 1
801 38.13 -14.65 -146.6 22.88 802 1
804 33.55 -18.15 -17.85 0.7 802 2
804 43.8 -18.15 -17.85 1.7 802 2
901 2.58 65.532 -79.484 2.259 804 1
901 6.04 66.988 -81.949 5.195 804 1
901 10.95 70.335 -77.855 9.479 804 1
901 20.13 74.202 -69.52 16.87 804 1
901 26.55 74.773 -66.94 21.826 804 1
901 33.54 74.399 -64.556 27.36 804 1
 
 
Appendix 
 
261 
 
Table 9. Regional reconstruction model –  
4 Plate model Australia-Antarctica-Pacific finite rotations 
Moving Plate ID Age (Ma) Latitude 
(°N) 
Longitude 
(°E) 
Angle(°) Fixed Plate 
ID 
#
801 2.58 -11.16 -139.7 1.65 802 1
801 6.04 -11.59 -139.2 3.83 802 1
801 10.95 -11.9 -142.1 6.79 802 1
801 20.13 -13.39 -145.6 12.05 802 1
801 26.55 -13.8 -146.4 15.92 802 1
801 28.74 -13.58 -146 17.32 802 1
801 30.94 -13.4 -145.6 18.89 802 1
801 33.54 -13.45 -146.6 20.49 802 1
801 38.13 -14.65 -146.6 22.88 802 1
801 40.1 17.1 30.6 -23.68 802 1
804 33.55 -18.15 -17.85 0.7 802 2
804 43.8 -18.15 -17.85 1.7 802 2
901 0.78 64.3 -81.21 0.67 804 3
901 1.86 64.9 -81.14 1.61 804 3
901 2.58 65.2 -81.23 2.23 804 3
901 3.58 65.9 -81.17 3.11 804 3
901 4.24 66.62 -80.53 3.7 804 3
901 5.11 66.91 -80.66 4.48 804 3
901 6.04 67.09 -81.08 5.21 804 3
901 6.71 67.33 -81.2 5.81 804 3
901 7.86 68.16 -80.54 6.83 804 3
901 8.86 68.83 -79.97 7.64 804 3
901 9.74 69.71 -78.57 8.42 804 3
901 10.95 70.36 -77.81 9.48 804 3
901 12.29 71.29 -76.12 10.63 804 3
901 13.06 71.74 -75.12 11.28 804 3
901 14.39 72.38 -73.58 12.42 804 3
901 15.09 72.6 -73.18 13.01 804 3
901 16.15 72.97 -72.5 13.95 804 3
901 16.64 73.18 -72.03 14.34 804 3
901 17.47 73.39 -71.58 14.93 804 3
901 18.28 73.62 -70.91 15.42 804 3
901 19.05 73.71 -70.94 15.95 804 3
901 20.13 74 -70.16 16.78 804 3
901 21.16 74.13 -70.09 17.38 804 3
901 23.07 74.38 -69.73 18.67 804 3
901 24.06 74.48 -69.58 19.35 804 3
901 24.84 74.51 -69.66 19.92 804 3
901 25.82 74.5 -69.84 20.62 804 3
901 26.55 74.51 -69.81 21.17 804 3
901 27.03 74.45 -69.9 21.53 804 3
901 27.97 74.4 -69.75 22.23 804 3
901 28.28 74.41 -69.5 22.57 804 3
901 28.75 74.33 -69.54 22.95 804 3
901 29.4 74.38 -68.71 23.66 804 3
901 30.1 74.33 -68.43 24.23 804 3
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Table 9. Regional reconstruction model –  
4 Plate model Australia-Antarctica-Pacific finite rotations continued 
Moving Plate ID Age (Ma) Latitude 
(°N) 
Longitude 
(°E) 
Angle(°) Fixed Plate 
ID 
#
901 30.48 74.37 -67.75 24.71 804 3
901 30.94 74.32 -67.59 25.06 804 3
901 33.06 74.44 -64.74 26.97 804 3
901 33.55 74.48 -64.01 27.39 804 3
901 34.66 74.62 -61.89 28.39 804 3
901 34.94 74.63 -61.48 28.61 804 3
901 35.69 74.7 -60.18 29.23 804 3
901 36.34 74.75 -59.05 29.81 804 3
901 36.62 74.76 -58.64 30.05 804 3
901 37.47 74.82 -57.44 30.68 804 3
901 38.43 74.85 -56.21 31.41 804 3
901 40.13 74.87 -54.46 32.62 804 3
 
Table 10. 4 Plate model Australia-Antarctica-Pacific 
finite rotations from Schellart et al. (2006) 
Moving 
Plate ID 
Age (Ma) Latitude (°N) Longitude 
(°E) 
Angle(°) Fixed Plate 
ID 
#
801 10.5 -12.5 -143.3 6.62 802 5
801 20.5 -14.5 -147.2 11.98 802 5
801 33 -13.696 -146.025 20.485 802 5
801 40.1 -14.32 -148.25 23.77 802 6
804 33 -18.146 -17.847 0.696 802 2
804 43 -18.146 -17.847 1.7 802 2
901 0.8 4.25 -79.06 0.68 804 7
901 2.6 67.03 -73.72 2.42 804 7
901 5.9 67.91 -77.93 5.42 804 7
901 8.9 69.68 -77.06 7.95 804 7
901 12.3 71.75 -73.77 10.92 804 7
901 17.5 73.68 -69.85 15.17 804 7
901 24.1 74.72 -67.28 19.55 804 7
901 28.3 74.55 -67.38 22.95 804 7
901 33.5 74.38 -64.74 27.34 804 7
901 42.5 74.9 -51.31 34.54 804 7
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Table 11. Calculated Australia-Pacific finite rotations of Schellart et al. (2006) 
Moving 
Plate ID 
Age (Ma) Latitude (°N) Longitude 
(°E) 
Angle(°) Fixed Plate 
ID 
#
901 0.8 -59.144 177.613 -0.83 801 4
901 2.6 -59.913 178.363 -2.94 801 4
901 5.9 -60.483 178.384 -6.57 801 4
901 9 -59.639 -178.627 -9.82 801 4
901 12.6 -58.538 -176.756 -13.85 801 4
901 17.6 -52.164 -173.169 -22.15 801 4
901 24.1 -55.199 -176.071 -26.397 801 4
901 26.1 -55.155 -177.133 -28.958 801 4
901 27.4 -54.89 -177.963 -30.632 801 4
901 33.5 -52.155 -179.042 -37.074 801 4
901 42.5 -50.148 177.464 -47.381 801 4
 
Table 12. Local reconstruction model- 
Calculated Australia-Pacific finite rotations of Keller (2003)  
Moving 
Plate ID 
Age (Ma) Latitude (°N) Longitude 
(°E) 
Angle(°) Fixed Plate 
ID 
#
901 30.1 -53.19 -178.74 -33.73 801 8
901 30.94 -52.83 -178.81 -34.58 801 8
901 33.55 -51.7 -178.45 -35.99 801 8
901 34.94 -51.19 -178.62 -37.49 801 8
901 36.34 -50.82 -179.3 -39.61 801 8
901 37.47 -50.36 -178.87 -39.62 801 8
901 40.13 -49.81 -179.55 -41.77 801 8
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